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This outstanding volume offers a sound, 
fundamental understanding of transistor 
devices. It clearly explains principles of 
transistor theory and design, and the rela- 
tionship of all measured electrical charac- 
teristics to physical properties of transistor 
materials. It also develops principles that 
are basic to designing integrated semi- 
conductor circuits (micro-circuits )—one 
of the fastest growing aspects of today’s 
electronics. 


While not a book on semiconductor 
process technology, it does demonstrate 
that regardless of processes used to manu- 
facture particular transistors, the theoreti- 
cal principles are universally applicable. 
Thus, any transistor design may be syn- 
thesized from designated electrical charac- 
teristics, or any transistor electrical charac- 
teristic may be analyzed from a designated 
transistor design. 


The book uses an extremely helpful 
“building-block” approach in which each 
chapter is dependent on material preced- 
ing, and new aspects are introduced in 
logical order. This builds a progressive 
understanding of design theory so that any 
transistor in use today can be fully under- 
stood. The many and varied transistors 
available are discussed first, followed by a 
qualitative treatment of solid-state physics 
that introduces the concept of energy 
bands, Explained, too, are such aspects as 
what semiconductors are, carrier phe- 
nomena, and the measurable properties of 
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semiconductor materials. The theory of 
p-n junctions is introduced along with 
detailed coverage of their electrical charac- 
teristics. 


A generalized theoretical description of 
transistor mechanisms is followed by an 
explicit analysis of important DC charac- 
teristics. Low-level theory is extended to 
explain DC properties of transistors at 
high currents. After bringing in the low- 
frequency characteristics of transistors- 
including explanations of small-signal h- 
parameters—the theory is extended to 
high-frequency performance of transistors. 
In addition, there is useful material on 
devices as amplifiers and switches, and on 
application of theoretical principles to 
various transistor types. 


This concise and thorough book elimi- 
nates all redundant aspects of transistors. 
It makes extensive use of necessary mathe- 
matics to develop theory and design 
formulas, but relationships are reduced to 
useful, practical approximations. The 
parametric behavior of each major formula 
is illustrated by either a descriptive ex- 
ample or design curve. Non-mathematical, 
qualitative descriptions are presented 
wherever possible, and all figures are 
simple and to-the-point. For convenient 
reference, recent data on germanium and 
silicon materials are presented in curves 
or tables. All modern advances are cov- 
ered, including epitaxial and planar tran- 
sistors. Also provided is material on re- 
quirements for optimum design and per- 
formance of devices for either amplifier or 
switching applications. 
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PREFACE 





This textbook has been written to satisfy the needs of both the student 
and the graduate engineer. The duality of purpose arises from the fact 
that the technological growth of transistors has been so rapid and intense 
since their conception in 1948 that neither the colleges nor the electronics 
industry has been properly equipped to keep up with the required 
fundamental understanding of transistors. Although most colleges have 
introduced semiconductors into their engineering curriculum, the student 
soon discovers that the treatment is either too generalized or has been 
already outdated. In all probability, this is attributable to the fact that 
most available textbooks emphasize the circuit and applications point of 
view of transistors and provide only a cursory treatment of their theory 
and design. Furthermore, since these college courses have been offered 
only in recent years, the many engineers, physicists, chemists, metal- 
lurgists, e¢ al. already in industry find themselves partially handicapped 
by a lack of fundamental understanding of transistor devices, even though 
all are well trained in their respective technical fields. 

These problems were particularly acute in 1956, when the idea for this 
book was born. The author was associated with the Semiconductor 
Products Department of the General Electric Company and had prepared 
and taught a course on the theory and design of junction transistors 
aimed at bridging the gap between transistor theory and actual engineer- 
ing practice. Since its original inception, the material has been pre- 
sented to over 150 engineers at General Electric. Most recently the 
wuthor has been associated with the Motorola Semiconductor Products 
Division and has taught a considerably up-dated version of the course— 
which is the substance of this textbook—to over 100 technical personnel. 
These five years of teaching experience, coupled with the constructive 
comments of the students, have aided immensely in correcting and 
maturing the manuscript. 

vii 
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The purpose of the text is to equip the reader with a basic under- 
standing of the principles of transistor theory and design and the relation- 
ship of all measured electrical characteristics to the physical properties 
of transistor material. It is not a book on semiconductor process 
technology. Rather, it points out that regardless of what process is 
used to manufacture a particular transistor, the theoretical principles 
are universally applicable. Thus, any transistor design may be synthe- 
sized from designated electrical characteristics, or vice versa; any transis- 
tor electrical characteristic may be analyzed from a designated transistor 
design. Vor the student, this provides a firm base for his entry into the 
field of solid-state engineering; for the semiconductor scientist and engi- 
neer, it provides the means of handling the design, development, and 


evaluation problems of the transistor; for the transistor circuit designer, 
the text will deepen his understanding of the device, enabling him to 
more properly optimize the application as well as to select the most 
suitable type from the various transistors in production today. Most 
important of all, the reader will realize that all the theory and principles 
presented in this book are equally applicable to the design and under- 


standing of integrated semiconductor circuits. 

A logical “building-block” approach has been used in establishing the 
pattern of this text; that is, the content, of each chapter has a continuous 
dependence on the material in the chapters preceding it. The book 
begins with simplified arguments, and each chapter progressively intro- 
duces new factors, until the complex whole is understood at the end. 
Chapter 1 acquaints the reader with the many and varied transistors in 
use today. Chapter 2 provides a qualitative treatment of solid-state 
physics and introduces the concept of energy bands. Chapters 3 and 4 
explain what semiconductors are and give a detailed description of 
carrier phenomena and the measurable properties of semiconductor 
materials. Chapters 5 and 6 introduce the theory of the p-n junction 
and cover, in detail, its pertinent electrical characteristics, recognizing 
that it is a fundamental part of the transistor. Chapters 7, 8, and 9 
introduce transistors first from a qualitative and then from a quantitative 
point of view; that is, the generalized theoretical description of transistor 
mechanisms is followed by an explicit analysis of the important d-c 
characteristics. Chapter 10 extends the low-level theory to explain 
the d-c properties of transistors at high currents. With the d-c behavior 
as a reference, Chaps. 11 and 12 bring in the low-frequency characteristics 
of transistors, including the explanation of the small-signal h parameters. 
Chapters 13 and 14 extend the theory to the high-frequency performance 
of transistors. Chapters 15 and 16 treat the device as an amplifier and a 
switch, respectively, and illustrate the requirements for optimum per- 
formance. Finally, Chap. 17 demonstrates the application of the 
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theoretical principles to the various transistor types, pointing out the 
limitations on design. 

Throughout the text, the theory is modified to account for all the 
transistor types known today. Wherever possible, the requirements for 
optimum design and/or performance are discussed. Furthermore 
almost all the design formulas are mathematically derived from bees 
fundamentals and are reduced to practical approximations. Addi- 
tionally, the most recently accumulated data on semiconductor materials 
are contained throughout in the form of curves or tables wherever 
appropriate. Tinally, the problems at the end of each chapter have been 
carefully selected to offer both the design approach and the necessary 
understanding of the chapter. The author has found it essential that the 
problems be worked out, since they provide the illustrative numerical 
examples of the theory. 

. t goes without saying that this book would not have been possible 
without the many contributions of research and development workers 
in the semiconductor industry. Included in the references are many 
prominent technical papers which are unquestionable classics in the field 
In the organization and preparation of the material, the author wishes 
to give particular credit to W. Shockley, J. Early, and R. L. Pritchard 
whose technical contributions to transistor theory are salient wikis 
the profession. Other individuals deserving important recognition are 
R. Beaufoy and J. J. Sparkes, J. J. Ebers and J. L. Moll, R. N. Hall 
H. Krémer, and W. M. Webster. The author also would like to ‘oni 
the management of the Semiconductor Products Department of General 
Electric for their cooperation in permitting him to start the course that 
led to this book. Thanks are also extended to his colleagues both at 
General Electric and Motorola for the many helpful technical discussions 
and the comments received. Special thanks go to Dr. C. Lester Hogan 
Vice-president and General Manager, Semiconductor Products ii Salon, 
Motorola, Inc., for his encouragement in the completion of the book ard 
to Dr. Daniel E. Noble, Executive Vice-president, Motorola, Tne, for 
the many stimulating discussions concerning the impact of alid-siate 
engineering on modern electronics. Finally, the author is very grateful 
for the untiring efforts of Diane Smith, who typed the final manuscript 
and to his secretary, Lee Belt, who assisted him during the proofieadiniy 
and production stages of the book. 


A. B. Phillips 
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Transistor Processes and Types 
en ee a ee ee eT eee eee ae 


It may be said that the discovery of the transistor was one of the great 
significant technological developments of our modern era, exclusive of 
the harnessing of nuclear energy. For the electronics industry, it 
represents the most radically different and unique invention since that 
of the vacuum tube at the beginning of the twentieth century. Since 
its inception in 1948, the transistor has not only created a new field of 
endeavor for engineers and scientists, but has already effected profound 
changes in the design philosophy and characteristics of electronic systems 
and equipments. The unusual features of transistors have revolutionized 
the hearing-aid industry, introduced vest-pocket radios, made portable 
television sets possible, stimulated more intensive computer develop- 
ment, and, last but not least, provided the military with the opportunity 
to attain greater efficiency and reliability for our defense systems and 
weapons. There is no doubt that the consequences of these dramatic 
technological changes will affect the lives of all of us today and for years 
to come. 

1-1. Comparison with Vacuum Tubes. Basically speaking, the tran- 
sistor, like the vacuum tube, is an electronic amplifying device. The 
fundamental distinction, however, rests with the fact that in the vacuum 
tube, current flow arises from the motion of charge carriers within a 
vacuum, whereas in the transistor, current flow arises from the motion of 
charge carriers within a crystalline solid. Further, in the vacuum tube 
the carriers must be generated by thermionic emission from a hot cathode 
whereas in the transistor the carriers are structually inherent to the solid 
material, and exist to the extent that they contribute to the electrical 
conductivity of the solid. In other words, we come to the first primary 
advantage that transistors have over vacuum tubes, namely, no filaments 
ure necessary. This advantage manifests itself in the complete elimina- 
tion of the A battery or equivalent filament power in transistorized 
equipment. For communications and computer applications in particu- 
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lar this represents an enormous saving in power consumption and cooling 
equipment. 

A second advantage that transistors have over vacuum tubes is in 
the area of component reliability. Although both devices require an 
absolute minimum of contamination within the envelope to assure maxi- 
mum operating life, the vacuum tube suffers from the drawback that 
eventually the filament becomes exhausted and loses its emission prop- 
erties. In the case of the transistor, “emission’’ is simply a matter of 
circuit transfer of charge carriers and consequently would be self-sustain- 
ing ad infinitum. This is not to imply that a transistor cannot possibly 
fail in operation. Contamination, hermetic-seal failure, overheating, 
ete., can contribute to a degradation of pertinent transistor charac- 
teristics. Nevertheless, the reliability of today’s transistors has been 
shown to be vastly superior to that of vacuum tubes. Statistical studies 
of the reliability of transistors which have been life-tested for millions of 
unit-hours indicated a maximum failure rate of about 0.001 per cent per 
thousand hours. 

Thirdly, another feature which makes the transistor so extraordinary 
is its efficiency as an amplifier for typical small-signal applications. 
Transistors require biasing conditions which involve power consumptions 
far less than those of vacuum tubes. The disadvantage of vacuum tubes 
in this regard is that a moderately higher voltage is necessary, since, in 
principle, a strong electric field is required to accelerate the electrons to 
the plate. On the other hand, for transistors, voltages in the order of 1 to 
10 volts are all that is necessary for proper operation. For example, 
transistor audio amplifiers can offer more than 40 db power gain at bias 
dissipations as low as 2 to 5 milliwatts.1* 

From the point of view of frequency and power, transistors have 
already made tremendous strides over vacuum tubes. Devices have 
been designed with maximum frequency of oscillation in the kilomega- 
cycle region. Power transistors are being produced which are capable of 
delivering 10 watts of r-f power in the 160-megacycle region. High- 
frequency switching transistors turn on and off with such fantastic speeds 
that they have made possible the development of computers operating at 
clock rates of 100 megacycles per second. 

Size is a fourth advantage of transistors over tubes. In Fig. 1-1 is an 
interesting comparison of the dimensions of a typical junction transistor 
and a GAU6 miniature vacuum tube. This volume advantage is definitely 
appealing to all electronic equipment manufacturers who are concerned 
with miniaturization. An excellent example would be the design of 
military aircraft electronic equipments in which space and weight are at a 


* References, indicated in the text by superscript figures, are listed at the end of the 
chapter, 
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premium. In addition to size, the transistor’s inherent ruggedness mak 
it a strong contender with the vacuum tube. Constructed wholl He 
solid materials, transistors have been designed to withstand igs ' 
shocks, centrifugal forces, and vibrations, whereas tubes hav. oe 
limited somewhat by their delicate grid structures. wren 
In all, one might conclude that the vacuum tube would eventuall b 
completely displaced by the transistor. Undoubtedly, in the maj . 
of applications, as we have seen, this change has taken place yistok A 
there is a very long way to go before transistors can displace tubes = 
every respect. As of 1961, the tube industry has been in existence f : 
almost 55 years (as compared to the transistor industry’s 13) Se “ 





Fia. 1-1. Size comparison of junction transistor and typical miniature vacuum tube 


developed a superb technology which assures the user of a good product 
both technically and economically. Nevertheless, the transistor has 
taken its place beside the vacuum tube, and as in all things, either device 
will be used in the application that warrants it. 


1-2. History of Transistor Development. The history of transistors 


is actually the history of semiconductor research.2. Our knowledge of 
semiconductors did not come about overnight, but resulted from a great 
many years of experimental exploration in physics and chemistry 
Perhaps the first significant contribution to our understanding of were 
state phenomena and semiconductors was in 1833 when Faraday dis- 
covered that silver sulfide has a negative temperature coefficient of 
resistance which distinguishes it from metals. In the course of the next 
50 years, the only significant additions to the knowledge of semicon- 
ductors were the observations of contact rectification and photoconduc- 
tion. It was not until 1879 that FE. H. Hall discovered that a current+ 
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carrying conductor would develop a transverse voltage when placed ina 
magnetic field perpendicular to the direction of current flow. This now- 
famous Hall effect enabled workers to determine both the concentration 
and mobility of carriers in materials and thereby provided a means of 
differentiating semiconductors from metals on the basis of conductivity 
behavior. Although it could not be explained at the time, the Hall 
measurement also indicated the existence of positively charged carriers 
(holes). 

During the twenties, our increased understanding of quantum me- 
chanics added greatly to the explanation of electron behavior in ponds, 
Diffraction experiments by Davison and Germer and Schrédinger’s 
work in 1924 yielded the wave-nature concept of electrons. In 1928, 
Sommerfeld published his findings on the application of Fermi-Dirac 
statistics to explain electrical conduction. In 1931, A. H. Wilson 
presented the first real theory of semiconductors using quantum mechanics 
as the basis of analysis.’ This fundamental work introduced the concept 
of energy bands in solids and conduction by lattice-site deficiencies 
(holes), and formed the basis of our understanding semiconductors today. 

Before World War II, activity in the device area was along the lines of 
copper-oxide and selenium rectifiers, which tended to be more a matter of 
art than of science. Of course, one may recall the many hours of sheer 
listening enjoyment derived from the simple galena detector which 
utilized the famous ‘“‘catwhisker.’’ At the time, rectification was not well 
understood, and it was not until 1939 that Schottky and Mott presented 
the first space-charge dipole theory. Just prior to the war, silicon detec- 
tors appeared on the scene and demonstrated their usefulness as high- 
frequency diodes in radar systems. The superiority of silicon as such 
soon launched the purification technology that we are familiar with 
today. In fact, at the Bell Telephone Laboratories, Scaff and Theuerer 
were successful in growing the first silicon p-n junction, which exhibited 
extraordinary rectification properties. 

After World War II, developments came rapidly. Increased emphasis 
was placed on semiconductor research, and improved metallurgical 
techniques in crystal processing facilitated matters greatly. Out of an 
attempt to fit a theory to the many observed rectification phenomena, 
J. Bardeen offered his theory of surface states for metal-to-semiconductor 
contacts.° In 1948, this was followed by further experimentation by 
W. Shockley, who was concerned with field effects on the conductivity of 
semiconductor surface films. Also in 1948, using an electrolyte to bias a 
semiconductor surface, J. Bardeen and W. H. Brattain performed the 
work that created the first point-contact transistor and thereby opened 
up a new era of progress in electronics.’ Soon after, in 1949, there came a 
work of comparable importance, that of Shockley’s development of the 
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theory of p-n junctions and junction-type transistors. The establish- 
ment of a sound theory for semiconductor-to-semiconductor junctions 
stimulated rapid progress in the development of suitable technology for 
fabricating transistors of several types, including grown-junction transis- 
tors. At General Electric, R. N. Hall and W. C. Dunlap devised a 
method of preparing p-n junctions by alloy diffusion.? This is the basic 
process in the manufacture of the alloy-junction transistors of today. 

By 1951, the potential impact of transistors on the field of electronics 

became apparent to many people. Recognizing the tremendous advan- 
tages that transistors would offer in the design of military electronic 
equipment, the United States Defense Department embarked upon a 
large program to accelerate the research, development, and production of 
semiconductors. Under the joint sponsorship of the military services, 
rather substantial contracts were let throughout the industry. The 
results have been quite rewarding for both the government and the 
electronics industry in that transistors have now become a major field of 
endeavor. In fact, so rapid was the progress since 1948, that in 1956 
Drs. Bardeen, Brattain, and Shockley won the Nobel Prize in physics for 
their work in developing the transistor. Since then, contributions that 
furthered the theoretical understanding of transistors and offered 
tremendous improvements in process technology mounted at an extremely 
rapid rate. Of salient interest was the announcement in 1956 by 
researchers at Bell Telephone Laboratories of diffused-base mesa transis- 
tors.'°'! This basic work made possible the reasonably low-cost produc- 
lion of the very-high-frequency high-reliability transistors which are in 
widespread use today. Added to this achievement was the introduction 
of the planar-epitaxial process in 1960, which made possible the truly 
\niversal transistor having optimum frequency, d-c, and_ reliability 
characteristics. 

1-3. Fundamental Transistor Structure. As a possible definition for 
wn active circuit element such as the transistor or vacuum tube, Pearson 
and Brattain suggested the following: ‘Two phase boundaries close 
enough together so that deviations from equilibrium occurring at either 
will influence the other and with electrical connections to each of the three 
regions bounded by the two phase boundaries.’’2 

In the case of the transistor, the general definition does explain its 
lundamental operation, which is the scope of the entire text to follow. 
Thus, the transistor consists of two closely spaced boundaries, or more 
apecifically, yunctions, as is shown in Fig. 1-2. The narrow active region 
hetween the junctions is referred to as the base, and the two remaining 
regions are called the emitter and collector, respectively. In most transis- 
lors, the structure of one of the outer regions is sufficiently different from 
the other to designate it as the emitter, 
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The significant aspect of the transistor structure is that all the regions 
in the transistor are of solid materials. All three regions may comprise a 
homogenous crystalline semiconductor solid such as germanium or 
silicon, with the exception that each of the regions differs from the others 
primarily in the percentage concentration of certain intentionally- 
introduced impurities. Some of the elements used for impurities are 
indium, gallium, antimony, and aluminum. It is the change in impurity 
characteristic in going from one region to another that establishes the 
so-called junctions. In certain cases, it is possible for only the base 
region to be a crystalline solid, whereas both the emitter and collector are 
metals. In these cases, the junctions exist at the contact of the metal to 
the semiconductor. This is called a metal-to-semiconductor junction. 
Regardless of how the transistor is 
composed, i.e., whether the junctions 
consist of semiconductor-to-semicon- 
ductor or metal-to-semiconductor con- 
tacts, the aforementioned definition is 
applicable as long as the junctions are 
very closely spaced (in the order of 
0.001 in. or less) and suitable electrical 
contact is made to each region. 

As will be studied later on in greater 
detail, the active aspect of the 
transistor, namely its amplification 
properties, is dependent upon the 
application of appropriate voltage potentials across the junctions by 
means of the electrical contacts to the individual regions. At the 
emitter-to-base junction the potential is such to permit excess carriers 
(current) to flow easily into the base region, wherein they move across to 
the collector-to-base junction. The potential at the latter junction is 
opposite to that at the emitter, such as to minimize the equilibrium flow of 
current from collector to base. However, the collector potential does not 
retard the flow of carriers in the base which arrive there from the emitter. 
These carriers therefore appear in the collector region as output current. 
It will be shown later on that, for these conditions, we obtain the transfer 
of a common current from a low-resistance junction (emitter) to and out 
of a high-resistance junction (collector). Asa result of this effect, we can 
obtain signal amplification or power gain from the transistor. Thus, in 
accordance with the definition, we see that the carrier deviation from the 
equilibrium value at the emitter junction influences the current flow at the 
collector junction. It will also be shown later that voltage variations at 
the collector junction about the equilibrium value will influence condi- 
tions at the emitter junction, 


Junctions 








Emitter 
region 





contacts 


Fig. 1-2. Elements of the transistor as 
an active circuit device. 
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Although the hypothetical structure of Fig. 1-2 is fundamental to 
transistor operation, there are an infinite number of combinations and 
ways of achieving the result physically. This brings out the essential 
point of this section, that the electrical characteristics of transistors are 
wholly structure dependent. This covers a host of items pertinent to 
transistor design, such as the nature of the junctions discussed in this 
section and many others which will be examined in detail later. For 
example, the choice and quality of the semiconductor material is impor- 
tant; also, the distribution and types of impurities in the various regions 
become vital factors. From this it becomes evident that the design of a 
particular transistor structure to achieve certain electrical properties 
would be related to the manner in which the various solid materials are 








ia. 1-8. Production-size single crystals of germanium and silicon. (Courtesy of 
Motorola, Inc.) 


fabricated and processed. In the next sections, we shall discuss the 
various process methods that are being used to produce junction-transis- 
tor structures. It is not the intention here to cover all the ramifications 
of transistor process technology, but rather to provide the necessary 
background for transistor theory and design. 

1-4. Semiconductor Crystal Growing. Regardless of what final manu- 
facturing process is employed, the heart of any transistor is the tiny 
section of single-crystal semiconductor material, usually either germanium 
or silicon. These small sections are actually obtained from a large 
single crystal which is very carefully grown in specially designed furnaces. 
Typical production-type crystals of germanium and silicon used in the 
manufacture of transistors are shown in Fig. 1-3. Crystals of this size, 
when properly sawed and diced into pellets, will provide sufficient 
material to fabricate thousands of junction transistors. 

Crystal growing is commonly done by the widely adopted Czochralski 
technique, although there are other preferred methods. The growing, or 
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“pulling,” as it is often called, is done in a special furnace apparatus such 
as the one shown in Fig. 1-4. The entire process is carried out in an 
inert-gas atmosphere within a relatively contaminant-free quartz enclo- 
sure. Extreme cleanliness is absolutely essential here, since the smallest 
amount of undesirable foreign impurities can readily degrade the quality 
of the crystal being pulled. 

In the Czochralski method, the highly purified semiconductor material 
is placed in a crucible which is mounted at the bottom of the furnace. 





Fia. 1-4. Crystal-growing furnaces. (Courtesy of Motorola, Inc.) 


In the case of germanium, which melts at about 960°C, the crucible 
material is usually made of graphite. However, silicon, which melts at 
about 1420°C, will react strongly with carbon at that temperature, and 
therefore high-quality quartz is used for the crucible when silicon crystals 
are grown. Heat is applied to the crucible by means of radio-frequency 
induction or resistance heating in order to melt the material and bring it 
to a temperature just a few degrees above the melting point. At the 
upper portion of the furnace is a pulling rod containing a single-crystal 
seed of the semiconductor mounted in a chuck. The seed is usually 
precisely cut at a specific crystallographic plane, in order that the crystal 
to be pulled will grow at a desired orientation, ‘Che seed is lowered into 
the surface of the melt and then slowly withdrawn, Under conditions of 
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accurate temperature control, the melt will freeze out onto the seed in the 
form of a single crystal of the same orientation. The seed is pulled con- 
tinuously at a constant rate until all the melt in the crucible is exhausted. 
Although the entire process is quite critical, very uniform crystals can be 
pulled repeatedly. 

Actually, extremely pure crystals are not desirable for transistor 
manufacture, since the electrical conductivity would be too low. Itis the 
practice in semiconductor technology, therefore, to purify the material to 
the highest degree attainable, and then to add a known quantity of 
desired impurity during the crystal growing to obtain the required 
conductivity. This procedure is referred to as doping. When donor- 
type impurities such as phosphorus, arsenic, and antimony are added, 
the crystal is called “n type.” <A erystal doped with acceptor-type 
impurities such as aluminum, gallium, and indium is called “p type.” 
The significance of this terminology will be treated in detail in Chap. 3. 
Since we are dealing with impurity dopings which range from one part in 
ten thousand to as little as one part in ten million, it is essential that there 
be adequate mixing during crystal growth in order to obtain good 
uniformity. This is accomplished by rotating the seed during the pull, 
so as to stir the melt just below the freezing line. 

As will be seen in subsequent sections, for certain methods of transistor 
manufacture it is necessary to add both donor and acceptor impurities to 
the semiconductor melt, in order to have both types in the final crystal. 
lhe resulting crystal is either n or p type, depending on which impurity is 
predominant. 

1-5. Basic Methods of Junction Formation. As was defined earlier, a 

emiconductor junction is formed when one can establish within the semi- 

conductor crystal a change from a donor-type impurity concentration to 
wn acceptor-type impurity concentration or vice versa. Generally speak- 
ing, junction formation is accomplished by introducing an impurity of one 
(ype into a crystal already doped with an impurity of the opposite type. 
rhe most popular methods of introducing desired impurities into the 
emiconductor are segregation from an impurity-doped melt or alloy and 
olid-state diffusion from an impurity concentration source at the 
houndary of the semiconductor. Since segregation and diffusion are two 
of the most fundamental mechanisms in modern transistor technology, it 
is essential that these be treated at this point. 

Segregation makes use of the property that most impurities are more 
oluble in the liquid or molten semiconductor than in the solid. There- 
fore, when a erystal freezes out from a melt containing a certain impurity 
voncentration, the concentration of that impurity in the solidified crystal 
will be less than originally in the liquid. The ratio of the concentration 
in the solid to the concentration in the liquid is called the segregation or 
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distribution coeficient. Tach of the various impurities has a unique set 
of segregation coeflicients for germanium and silicon. Experimentally 
established values are given in Table 1-1.'2 


TasLy 1-1. Impurtry SEGREGATION COEFFICIENTS 


Impurity In germanium | In silicon 
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As an illustrative example of the significance of these coefficients, 
suppose one were to alloy pure aluminum in both germanium and silicon. 
Then the resultant aluminum concentration in the resolidified germanium 
would be 50 times greater than the concentration in silicon. It isinterest- 
ing to note that when both donor and acceptor impurities are in a com- 
mon solution, they will segregate independently, according to their 
respective coefficients. 

Diffusion is probably the most widely used method of forming junctions 
in semiconductors. This is especially true for very-high-frequency 
transistor processes. In this method, the desired impurities are intro- 
duced either at the surface of the semiconductor from a gaseous ambient 
or from an abrupt change in impurity concentration already contained 
within the solid semiconductor. In the former method, the semi- 
conductors to be diffused are placed in a high-temperature furnace 
through which an inert gas containing a small amount of the desired 
impurity is flowing. The surface concentration of the impurity is deter- 
mined by its vapor pressure, which is controlled by the source tempera- 
ture. The depth of penetration of the diffusing impurity (diffusant) is 
determined by the time and temperature of the furnace cycle and by the 
diffusion constant D for the impurity. Figures 1-5 and 1-6 show useful 
curves of the experimental diffusion constants as a function of tempera- 
ture for various impurities in germanium and silicon.’ These curves 
provide information as to the relative rate of diffusion of various impuri- 
ties. For example, in germanium, indium is a very slow diffusant, more 
than two orders of magnitude slower than antimony at a given tempera- 
ture. The reader may find a very complete discussion of diffusion 
technology in the reference by Smits." 

1-6. Methods of Transistor Manufacture. The objective in tran- 
sistor-device processing is to obtain a specified distribution of impurities 
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within the semiconductor such that the final result consists of two closely 
spaced parallel junctions. Furthermore, each region should be of the 
highest quality consistent with the impurity level there. This involves 
the well-known semiconductor parameters, such as mobility and lifetime, 
which will be discussed in Chap. 4. 

At the present time, there are three major groups of processes that 
have been commercially accepted for manufacturing junction transistors. 
This author wishes to introduce his own terminology to classify the 
processes along more proper categorical lines. These processes are 
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iq, 1-5. Diffusion coefficients of impuri- Fie. 1-6. Diffusion coefficients of impuri- 
ties in germanium. ties in silicon. 


culled (1) the grown-junction process, (2) the double-ended impurity- 
contact process, and (3) the single-ended impurity-contact process. 
\nder each of these categories there are several variations of the funda- 
mental principle which is suggested by the name. These are listed in 
Table 1-2. 

lssentially, all three methods accomplish the objective of attaining 
proper impurity control in each of the transistor regions, but they differ 
primarily in the requirements for the initial semiconductor crystal. 
‘The highlights of the actual processes will be examined briefly in the next 
sections. In Chap. 17 the subject will be treated in greater detail in 
order to bring out the design limitations of these process types. 

It should be noted that both the point-contact and surface-barrier 
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TABLE 1-2. TRANSISTOR MANUFACTURING PROCESSES 










Double-ended Single-ended 
impurity-contact impurity-contact 


Grown- 
Junction 





Alloy Diffused-base mesa or planart 
Diffused-base alloy* | Diffused-emitter-base mesa or planary 
Alloy-diffused 


Double-doped 
Rate grown 
Mei.back 
Meltbaek-diffused 
Grown-diifused 





* Includes both drift and MADT types. 
t Also includes epitaxial types. 


transistor processes were omitted from Table 1-2 because of the fact that 
the junctions are formed from metal-to-semiconductor contacts, whereas 
all the others are homogenous semiconductor-to-semiconductor junctions. 
As a matter of definition, transistors that are made from processes that 
yield semiconductor-to-semiconductor junctions will be called jwnetion 
transistors. There is by far a greater number of junction transistors 
being produced and used commercially than metal-to-semiconductor 
types. Because of this and the fact that the theory has been more fully 
developed for junction transistors, the scope of this text will be confined 
to these types only. 


Phosphor bronze wires 


Emitter point \ / Collector point 


Germanium pellet Electrolytically 


etched craters 
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Electroplated indium Germanium pellet 
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Electroplated indium 
collector region 
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Fria. 1-7. Metal-to-semiconductor transistor types. (a) Point-contact transistor; 
(bo) surface-barrier transistor. 


For completeness, however, we will briefly describe the point-contact 
and surface-barrier types. Although the point-contact transistor was 
the first to be developed and fabricated, it rapidly gave way to the junc- 
tion types. As shown in Fig. 1-7a, the point-contact transistor consists 
of two finely pointed whisker wires closely spaced on the surface of an 
n-type germanium pellet. The wires are attached by a process called 
forming, which is a variation of electric welding. ‘This transistor was not 
conducive to uniform manufacture because of the very critical problem 
of forming and spacing the point contacts; this resulted in somewhat 
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uncontrollable electrical characteristics. Point-contact transistors have 
current gains greater than unity and are characterized with negative- 
resistance regions, which made them useful as switches. 

The surface-barrier types, on the other hand, lend themselves to 
reasonable manufacturing processes. These transistors, introduced by 
the Phileo Corporation,’ are manufactured by a combination of elec- 
trolytic etching and plating. A semiconductor pellet is electrolytically 
etched with jet streams playing on opposite sides until the pellet is 
thinned down to the desired thickness. The polarity is then reversed 
and the same solution acts to electroplate on metal emitter and collector 
regions. This technique is capable of producing extremely thin base 
regions, which in turn yield high-frequency response. A cross-sectional 
drawing of a typical germanium surface-barrier transistor is shown in 
l‘ig. 1-7b. The thin base region, however, limits the useful application 
of these transistors to low power dissipations because of the very low 
voltage rating and high thermal resistance of this type of structure. 
(Contemporary junction-transistor designs are bettering the frequency 
performance of the surface-barrier transistor with much greater power- 
handling capacity as well. 

Additional information on both the point-contact and surface-barrier 
lypes, as well as the theory of rectification of metal-to-semiconductor 
contacts, may be found in the literature.1® 

1-7. Grown-junction Processes. The grown-junction processes have 
is & common denominator the fact that the final transistor structure is in 
(he form of a solid erystal bar in which there is established a thin base 
region. There are two basic methods of producing the desired junction 
structure. One involves the control of both the concentration and type 
of impurity that segregates from the melt into the solid during the initial 
crystal growth. For a relatively short interval of time, a thin section of 
(he growing crystal will become of opposite type to that of the remainder, 
thereby creating a base region in a plane transverse to the growth line. 
‘he other method involves the redistribution of controlled amounts of 
lmpurities already contained in a bar which is sawed out from a previously 
wrown erystal. The former grown-junction process includes double- 
doping, rate-growing, and grown-diffusion; the latter includes meltback 
and meltback-diffused. 

a. Double-doped Process. This grown-junction process makes use of 
(he principle of changing the impurity doping concentration in the melt at 
uppropriate intervals during the crystal-growing cycle.'® This technique 
in generally used for growing n-p-n structures in either germanium or 
silicon, At the outset, the erystal is grown n type with a conductivity 
vorresponding to the collector region. At approximately the halfway 
point, a doping pill containing acceptor impurities is dropped into the 
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melt and effectively stirred by the crystal rotation. Although the crystal 
is still growing, it abruptly changes to p type and is permitted to continue 
growing p type for another 0.5 to 1 mil. Then the melt is doped again 
with a donor pill and the crystal reverts to n type of relatively higher 
conductivity corresponding to the emitter region. The one disadvantage 
of the double-doped process is that only one base region can be grown 
during a crystal pull. However, this is offset by the fact that the con- 
ductivity of each region can be independently controlled, offering a 
limited degree of transistor designability. After the crystal pull, a wafer 
containing the p region is sawed out and then diced into n-p-n bars. 
The remaining segments of the double-doped crystal are not usable, but 
may be reclaimed by further purification. 

b. Rate-grown Transistors. Rate-growing is a grown-junction technique 
developed by R. N. Hall of the General Electric Research Laboratory” 


and is based on the way the segregation coefficients of different impurities . 


will vary with rate of crystal growth. This method has been successfully 
applied to growing n-p-n germanium bars using antimony as the donor 
and gallium as the acceptor. In the rate-growing process, the crystal is 
pulled from a melt containing both impurities. At the normal pulling 
temperature, both antimony and gallium are segregating from the melt; 
however, there is a predominance of antimony and the crystal grows 
ntype. It was found, however, that if the temperature is raised suddenly 
to decrease the growth rate, the segregation of antimony drops almost to 
zero, whereas the gallium remains practically unaffected by the tempera- 
ture change. Consequently, for the short interval that the furnace 
temperature is increased, the gallium predominates over the antimony 
and the crystal grows p type. When the temperature is returned to 
normal, the crystal goes back to n type. The unique feature of rate 
growing is that the temperature cycling may be repeated at fixed intervals 
during the crystal-growing period, yielding as many base regions as 
temperature cycles. Such a crystal is shown in Fig. 1-8. The ridge lines 
correspond to the p-type base regions, formed when the furnace tempera- 
ture is increased. This crystal, after waferizing and dicing, would yield 
approximately 2,000 rate-grown n-p-n transistor bars. Rate-grown 
transistors are characterized by fairly abrupt emitter junctions and 
graded collector junctions. The latter contributes to higher collector 
voltage ratings and lower output capacities. 

c. Meltback Transistors. The principle involved in this method is 
identical to that previously described for rate-growing. It differs in that 
the junctions are formed in individual bars directly rather than in the 
crystal. For germanium transistors, bars are cut from crystals that are 
doped with a predetermined ratio of antimony-to-gallium impurities. 
The antimony is in excess of the gallium, making the bar uniformly n type. 
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Fia. 1-8. Rate-grown germanium crystal. (Courtesy of General Electric Co.) 


If one end of the bar is melted in a special furnace and permitted to freeze 
again, the impurities will segregate as shown in Fig. 1-9a. Initially, at 


the liquid-solid interface the gal- 
lium concentration predominates. 
llowever, as the bar cools the anti- 
mony will segregate more rapidly 
(han the gallium because of the 
inerease in growth rate. The net 
offect is that a p region is formed 
where the gallium is in excess, pro- 
ducing an n-p-n germanium transis- 
lor bar. After meltback, the bar 
‘cquires a teardrop shape at one end 
and the base region is right at the 
frozen melt line. 

d. Meltback-diffused Transistors. 
This method is applicable to n-p-n 
silicon or p-n-p germanium types. 
In silicon, for example, the bars are 
doped with antimony and gallium 
and are melted back in the same 
manner as in the meltback proc- 
oss just described. However, after 
moltback no base region is formed 
because antimony segregates more 
rapidly than gallium in- silicon. 
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Fig. 1-9. Typical impurity profiles for 
transistors made from grown-junction 
processes. (a) Germanium meltback 
transistor; (b) silicon meltback-diffused 
transistor; (e) silicon grown-diffused 
transistor, 


16 TRANSISTOR ENGINEERING 


The result is the formation of an n-type region of considerably lower 
impurity concentration just at the melt side of the interface. This is 
shown in Fig. 1-9b. The bar is then subjected to a long-time high-tem- 
perature thermal cycle which causes the large concentration of impurities 
in the unmelted region to diffuse into the region of lower concentration. 
Since gallium diffuses much faster than antimony in silicon, the final dis- 
tribution after diffusion will be such that a p-type base region is formed 
on the melt side of the interface. Because the diffusion takes place over a 
period of many hours, precise timing is not required, and consequently 
the process is capable of producing very thin base regions with good 
reproducibility. 


Emitter. an pellet 


Ceramic disk 





Fie. 1-10. An n-p-n silicon transistor made by the grown-diffused process. A 
silicon bar is fixed to a metalized ceramic disk. (Courtesy of General Electric Co.) 

e. Grown-diffused Transistors. The grown-diffused process, developed 
by Texas Instruments, Inc., is fundamentally similar to the meltback- 
diffused process, but. employs the double-doping method of growing the 
initial crystal. The crystal is grown n type, lightly doped with antimony, 
before the doping pill is added to the melt. The doping pill contains a 
mixture of antimony and gallium, with the former impurity in excess. 
The result is that the crystal being pulled abruptly changes to a more 
heavily doped n-type composition. As shown in Fig. 1-9c, this second 
region contains a moderate level of p-type gallium. Because of the very 
high temperature at the solid-liquid interface, the gallium impurities 
diffuse into the region of lower impurity concentration, thereby forming a 
thin base region of moderately high p-type conductivity. After diffusion, 
a wafer containing the diffused base region is sawed from the crystal and 
diced into n-p-n bars. A typical silicon transistor fabricated from a 
grown-diffused bar is shown in lig, 1-10, 
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The grown-junction processes just described all offer the advantage of 
achieving good control over the geometry and thickness of the transistor 
base regions. This is important in obtaining uniform electrical charac- 
teristics in the final devices. However, because of the bar geometry, 
frequency response is somewhat limited by the smallest cross-sectional 
area that can be practically handled during manufacture. Furthermore, 
the inherent frequency performance is also degraded by the contact wire 


to the base region which, of necessity, overlaps into the adjacent regions: 


of the bar. 

1-8. Double-ended Impurity-contact Processes. In the double-ended 
impurity-contact process for making junction transistors, the transistor 
structure is obtained by placing the 
appropriate impurities in contact 
with both sides of a homogenous 
pellet of the semiconductor crystal 
and applying heat to form the junc- 
tions. Depending upon the tem- 
perature and materials involved, 
the impurities will alloy with and/or 
diffuse into the parent crystal. 
With other processing factors equal, 
careful control of time and temper- 
ature will produce uniform base 
rea The alloying and diffu- Fie. 1-11. A p-n-p junction transistor 
sion methods are discussed below. nade by the alloy process. (Courtesy of 

a. Alloy Transistors. This proc- Motorola, Inc.) 
ess by far accounts for the largest 
number of junction transistors in use today. This impurity-contact 
process, originated by Hall and Dunlap,® became readily adapted to 
germanium devices using indium metal as the acceptor impurity. Figure 
|-11 is a photograph of an uncapped typical germanium-alloy transistor. 
During the manufacture, round dots of indium are fixed to opposite sides 
of a small square pellet of n-type germanium. The pellet dimensions 
may be lg in. square and about 0.010 in. thick. The collector dot is 
usually made larger than the emitter to improve the current-gain charac- 
teristics. The assembly is brought up to a temperature of approximately 
600°C, whereupon the indium alloys into the germanium until a saturated 
liquid solution of both materials is formed on both sides. The assembly 
is then permitted to cool down and the germanium commences to freeze 
out of solution back onto the parent crystal. The recrystallized layers are 
identical in strueture with the parent crystal, but become heavily doped 
with indium, making them highly p type. If the pellet is cut at a 
specific crystal orientation, the liquid alloy will penetrate the germanium 
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in a flat plane, resulting in planar-parallel junctions. Figure 1-12a is a 
typical cross section. The final electrical characteristics of the alloy 
transistor are determined in part by the area of the dots and their depth 
of penetration. As will be seen, the alloy process lends itself to the 
production of transistors having excellent low-frequency-gain charac- 
teristics and switching characteristics and high current ratings for power 
applications. Furthermore, both p-n-p and n-p-n types in either 
germanium or silicon may be made by this process. 

b. Diffused-base Alloy Transistors. As a means of increasing the 
frequency response of alloy transistors, the diffused-base alloy process 
family was developed. This process is fundamentally similar to the alloy 
process, with the exception that an additional impurity is diffused into one 
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Diffused base layer. pellet 
Etched collector pit 


n-type-germanium 
pellet (base region) 





Indium collector dot 
Electroplated 
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p regions 


Fig. 1-12. Cross sections of transistor structures made by the double-sided impurity- 
contact processes. (a) Alloy process; (b) diffused-base alloy process (MADT). 


side of the base pellet prior to the alloying of the emitter and collector 
materials. Because of this base diffusion, one gains a very significant 
improvement in frequency response, since very thin base regions can be 
formed. At this time, there are available two basic transistor types that 
utilize this process principle, viz., the drift transistor and the microalloy 
diffused transistor. 

The drift transistor, which was introduced commercially by RCA,'*° 
is so named because of the presence of the accelerating drift field in the 
base layer. This comes as a result of the diffused base-impurity dis- 
tribution. The drift field provides a manifold increase in frequency 
performance. 

The microalloy diffused transistor, commercially described by Philco 
as the MADT,” is a diffused-base alloy transistor which is manufactured 
by electrochemical techniques similar to that described previously for the 
surface-barrier transistor. In this process, an impurity is diffused into a 
semiconductor pellet to form the base layer. Pits are then etched into 
both sides of the pellet in order to reduce the base to a very thin mem- 
brane, approximately 0.0004 in. or less in thickness. Kleetrode contacts 
are then electroplated into the pits and microalloyed (shallow penetration) 
to form the junctions, resulting in the cross section shown in I'ig. 1-12b. 
The MADT is a very-high-frequency transistor having excellent amplifier 
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and switching characteristics. However, because of its basic structure, it 
must be restricted to low-voltage applications and low-power-dissipation 
operation. 

1-9. Single-ended Impurity-contact Processes. All these processes 
have in common the fact that one starts with a semiconductor wafer 
corresponding to the collector and that the junctions are formed by the 
subsequent addition of selected impurities into one side of the wafer. 
‘These impurities are introduced by either diffusion or alloying or combina- 
tions of both. The one unique feature of these processes is that the use 
of vacuum-evaporation and photoetch techniques permits the formation 
of several hundred transistor junction structures with contacts on one 
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lig. 1-13. Schematic of cross-evaporation technique used in forming stripes in ger- 
iianium diffused-base mesa process. (Courtesy of Motorola, Inc.) 


wafer. This wafer is subsequently cut into individual dice which-are 
then ready for assembly. Presently, there are three variations of the 
single-ended impurity-contact process, viz., the diffused-base mesa, the 
diffused-emitter-base mesa, and the alloy-diffused transistor. 

a. Diffused-base Mesa. In this process, the first junction is formed by 
(he gaseous diffusion of an impurity opposite in type to that already 
contained in the semiconductor wafer. Using a p-n-p germanium mesa 
(ransistor as an example,?! we would have a diffused n-type base region 
established on one side of a p-type wafer. Such a wafer may have a 
diameter of 0.5 in. and a thickness of 0.005 in.; the thickness of the 
diffused base layer would be in the order of 0.00004 in. The emitter 
junction is formed on the base layer by the vacuum evaporation of a 
p-type impurity such as aluminum through a metal mask containing an 
array of rectangular slots. Since the masks are prepared by a photoetch 
process, one can achieve rectangular stripes of aluminum having dimen- 
sions of the order of 0.001 in. wide and 0.006 in. long. Furthermore, as 
many as 400 stripes may be evaporated onto a wafer at one time. This 
omitter-stripe evaporation is commonly done by the cross-evaporation 
method illustrated in Fig. 1-18, in order that the adjacent base-contact 
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stripe may be formed at the same time. The base-contact stripe is 
usually evaporated gold containing a small percentage of n-type impurity. 
As can be seen from the figure, by cross-evaporating the aluminum 
emitter and the gold base through the same slot, one achieves a very close 
spacing between the stripes, which is essential for good high-frequency 
performance. Thus, the use of the evaporation principle and the 
precision mask permits the formation of extremely small stripe areas with 
excellent accuracy and reproducibility. By simply subjecting the 
resulting wafer to a short high-temperature cycle, all the stripes alloy and 
form junctions that have very shallow penetration into the diffused base 
layer. The last step in the wafer process involves the selective etching 
of the mesa (Spanish word meaning table), which eliminates any edge 
shorts across the collector junction and reduces the active area of the 
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Fig. 1-14. Cross sections of transistor structures made by the single-sided impurity- 
contact processes. (a) p-n-p germanium diffused-base mesa transistor; (b) n-p-n 
silicon diffused-emitter-base mesa transistor; (c) p-n-p germanium alloy-diffused 
transistor. 


collector junction to a small rectangle enclosing the pair of stripes. The 
resulting junction structure is clearly illustrated in Fig. 1-14a. The com- 
pleted wafer is then scribed into dice which are then ready for assembly. 
A photograph of a highly magnified p-n-p germanium diffused-base mesa 
transistor is shown in Fig. 1-15a. Electrical connections to each of the 
stripes are made by the thermocompression bonding of high-purity gold 
wire having a diameter of 0.0005 in. 

b. Diffused-emitter-base Mesa. This single-sided transistor process is 
similar in principle to the diffused-base mesa previously described, with 
the exception that the emitter junction is formed by diffusion rather than 
by evaporation and alloying. A cross section of a typical n-p-n silicon 
diffused-emitter-base transistor-junction structure is shown in Fig. 1-14b. 
In this process, the base layer is formed by diffusing a p-type impurity 
such as boron into an n-type wafer of silicon. After the base diffusion, a 
thin layer of silicon oxide is thermally grown on the surface of the base 
layer. The oxide has the property of blocking the diffusion of certain 
impurities such as phosphorus, which will be used to diffuse the netype 
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emitter into the p-type base layer.??. By covering the silicon oxide witha 
thin coat of photosensitive, etch-resistant material (e.g., Kodak Photo 
Resist), one may employ photographic techniques to selectively remove 
the resist and leave an array of rectangular openings across the wafer. 
The resulting uncovered rectangular stripes of oxide are then etched, the 
resist is removed, and there remains an accurate silicon oxide diffusion 
mask. The wafer is then subjected to the diffusion of the emitter 
impurity, i.e., phosphorus, which will diffuse into the base layer only 











(a) (b) 


Ita, 1-15. High-frequency mesa transistor. The metallic stripes are approximately 
0.001 in. wide. (a) p-n-p germanium diffused-base mesa transistor; (b) n-p-n silicon 
(iffused-emitter-base mesa transistor. (Courtesy of Motorola, Inc.) 


where the oxide has been removed. ‘Thus, diffused-emitter junctions are 
otablished in the form of precise rectangles. Actually, any shape or 
pattern can be obtained simply by using the appropriately designed 
photographic plate. Before the mesas are etched, ohmic contacts to the 
emitter and base regions are applied by means of either mask evaporation 
or the photoetch method. Hither technique involves a critical alignment 
of the mask or plate to the diffused silicon wafer. A photograph of a 
\ypical n-p-n silicon mesa transistor is shown in Fig. 1-15). 

¢, Alloy-diffused Transistor. Philips Research of Holland was the first 
(o introduce this method commercially. This technique utilized the same 
principles involved in forming the base layer in the grown-diffusion 
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process in that the base is formed by an impurity which diffuses out from 
an alloyed emitter. In the Philips process for making p-n-p alloy- 
diffused transistors, pairs of n-type doped lead shot are alloyed into a 
p-type germanium wafer. To one dot, which will become the emitter, 
there is added a large concentration of a p-type impurity such as alumi- 
num. During the high-temperature alloying, the n-type impurity 
(antimony) diffuses rapidly from the liquid-solid interfaces of both dots 
and forms an n-type base layer which joins together in the narrow space 
between the alloy dots. Upon cooling, the aluminum, having a very 
high segregation coefficient, forms an alloyed emitter junction. The 
other alloy dot remains n type, forming an ohmic contact to the diffused 
base layer. The resultant structure is illustrated in Fig. 1-14c. Although 
this. process involves relatively noncritical process steps, it is restricted 
to relatively larger junction configurations because of the dot-handling 
problem. 

Because of the extremely thin diffused base layers and the very small 
junction areas that are achieved by each of the three aforementioned 
single-sided impurity-contact processes, these transistor types offer a 
superior combination of very-high-frequency and d-c characteristics. 
Mesa transistors make excellent signal and power amplifiers, oscillators, 
and high-speed switching transistors. I’ urthermore, since the collector 
regions of these structures can be mounted directly to heat sinks, these 
devices have high power-dissipation ratings, good operating efficiency, 
and high reliability. Lastly, because large numbers of wafers can be 
processed at a time, with several hundred potential devices represented by 
each wafer, these transistor types are very economical to manufacture. 

1-10. The Epitaxial-planar Process. As had been indicated in previ- 

ous sections, the two basic processes that yield the highest-frequency 
transistor types are the microalloy-diffused-transistor and the mesa- 
transistor processes. With particular regard to switching applications, 
the mesa transistor’s power-dissipation capability was offset by the 
MADT’s switching characteristics. Both of these factors are results of 
the design of the collector regions of these transistors. In 1960, however, 
the epitaxial technique was introduced into the mesa process and yielded 
the epitaxial-mesa transistor, which not only retained its power-dissipa- 
tion capability, but also equaled the switching characteristics of the 
MADT. 

The epitaxial process” provides a means of growing a very thin high- 
purity single-crystal layer of semiconductor material on a very heavily 
doped crystal wafer of the same type. For either germanium or silicon, 
this may be done by the hydrogen reduction at high temperature 
of GeCl, or SiCl, leaving the pure semiconductor atom to grow as a 
crystalline extension of the wafer substrate," By incorporating the 
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epitaxial wafer into the mesa-transistor process in place of the con- 
ventional homogenous wafer, one obtains a very significant improvement 
in frequency-response, d-c, and switching characteristics. In the mesa 
transistor, the collector region is designed as a compromise between 
switching performance and voltage; in the epitaxial device, because of the 
thin high-resistivity layer, no design compromise is necessary. The 
principles involved here will be more clearly understood as the design 
theory is uncovered in the chapters to follow. 

Another major improvement in transistor technology that occurred in 
1 960 was the development of the silicon planar process by Fairchild.” 
Phe planar method is primarily a means of improving the reliability of 
diffused-emitter-base transistors. In this process, the base-collector 
junction area is determined by an oxide diffusion mask which is photo- 
etched just prior to the base diffusion. The emitter is then diffused in a 
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Fia. 1-16. Cross section of n-p-n silicon planar transistor. 


manner identical to that described in the previous section. After both 
diffusions, a final silicon oxide is thermally grown over the surface of the 
entire wafer, thereby passivating all the surface junctions against the 
environment. The resulting structure is as shown in Fig.1-16. The 
essential feature of the planar process is that no mesa etching is required; 
with the edge of the collector junction in the plane of the oxide-puecented 
wafer surface, very low leakage currents result. Furthermore, additional 
improvement in noise figure and low-current-gain characteristics are 
obtained as a result of the gettering action of the oxide on undesirable 
impurities in the semiconductor material. 

The salient features of the epitaxial and the planar processes are 
combined with those of the silicon diffused-emitter base to make the 
epitaxial-planar transistor. The process-flow diagram for this device is 
given in Vig. 1-17. Although the various processes in the sequence are 
somewhat sophisticated and critical, modern transistor technology has 
reached a point wherein the epitaxial-planar transistor is very economical 
to produce. It appears that this process is the first major step toward 
achieving the universal transistor, offering the ultimate in switching 
speed, very-high-frequency amplification, d-c characteristics, voltage 
ratings, power dissipation, operating temperature, and reliability. 
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1-11. Scope of Transistor Technology. ‘The various processes for 
manufacturing junction transistors that were presented in the preceding 
sections cover only the means of preparing the basic junction structures. 
No attempt was made to treat all the process procedures related to 
making electrical connections to the emitter, base, and collector regions, 
nor was there any discussion of the problems associated with the surface 
preparation, packaging, and encapsulation of the final transistor assembly. 
These are problems which, in the last analysis, are important to junction- 
transistor design, but are really a matter of additional process technology 
subject to the discretion of the individual manufacturers. At the 
present time, each manufacturer has his own particular ideas as to what 
the over-all physical design shall be. The many variations of the alloy 
transistor in production today show this. Ultimately, it is expected that 
the transistor industry will adopt standard designs and processes. 

Nevertheless, the process descriptions given in this chapter should 
provide a broad understanding of what is involved in the manufacture of 
junction transistors. It must not be inferred that these descriptions 
represent the full limit of contemporary research and development. 
There are many ramifications and variations of these techniques which 
were not illustrated here, but are well covered in the literature. For 
example, in several of the processes, n-p-n or p-n-p transistors in either 
germanium or silicon can be obtained simply by selecting the correct 
combination of impurities. The essential point to note, however, is that 
regardless of what process is employed to make the transistor, the theory 
to be presented in the subsequent chapters will be applicable. In other 
words, as long as the specific properties and distributions of the impurities 
in the semiconductor regions are known, it is possible to predict with the 
theory what the electrical characteristics of the transistor will be. From 
the device-design point of view, the theory and design formulas can be 
used to determine the impurity structure that is necessary to satisfy a 
given set of electrical specifications for the transistor. 
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Atomic Structure and Energy-band Theory 





2-1. Introduction. The conduction processes observed in semicon- 
ductors such as the transistor involve the mass movement of “particles” 
whose mode of behavior may be analyzed by classical methods. As long 
as the existence and nature of these particles is accepted, then a rather 
complete device theory can be formulated. Although this may be 
satisfactory, it leaves much to be desired if no attempt is made to describe 
the origin of this particle behavior from fundamental energy considera- 
tions. Such a study would provide a better understanding of semi- 
conductor mechanisms. 

It is the purpose of this chapter, therefore, to present an explanation of 
the nature of electron energy bands in crystals, based on atomic struc- 
ture and the electromechanical properties of electrons. The next 
chapter will show how these energy bands give rise to the particles, viz. 
holes and electrons. A thorough treatment of this subject would hots: 
sitate a postgraduate course in solid-state physics and quantum mechanics 
und would cloud the text with rigorous mathematical equations and 
abstract concepts which in themselves have no obvious physical meaning. 
Nevertheless, an excellent presentation of the subject can be made using 
simplified models and analogies as a basis; exact analysis would be only of 
academic interest. It is for these reasons that the treatment of so 
formidable a subject in this chapter is largely qualitative. 

2-2. Planck’s Quantum Hypothesis. Our understanding of the atom 
and its structure historically embraces the ideas and experiments of 
inany great scientists. The present knowledge, however, is based largely 
on the work of Max Planck, who in 1900 introduced his quantum theory 
(0 account for physical phenomena that were unexplainable at the time. 

Planck was concerned with the nature of radiation emitted from heated 
blackbodies.! * It is observed from experimentation that the distribu- 


* References, indicated in the text by superscript figures, are listed at the end of the 
chapter, 
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tion of energy as a function of wavelength is of the form shown in 
Fig. 2-1. 

At that time, no complete explanation of the shape of the radiation 
curves was available. Wilhelm Wien was able to theoretically account 
for the energies at the shorter wavelengths by applying thermodynamic 
considerations. Similarly, Rayleigh and Jeans came up with a formula 

which worked very well for large values 
of \. Neither theory held for the entire 
Js blackbody spectrum. 

Planck approached the problem by in- 
troducing the idea that a radiating body 
is composed of many harmonic oscillators, 
each capable of responding to a particular 
frequency. Furthermore, he postulated 
that the energy distribution of the oscil- 
Fig. 2-1. Distribution of radia-  jators was not continuous, but occurred in 
aes multiples of some discrete energy which he 
called a quantum. The magnitude of a quantum of energy, which can 
be absorbed or emitted by any oscillator of frequency f, is given by the 
following equation: 






Energy —> 


; 





Visible range 


=>. 


E = hf (2-1) 
where # = energy, ergs 
f = frequency 
h = Planck’s constant, 6.63 X 10-27 erg-sec 
From this hypothesis, Planck was able to formulate an equation which 
satisfactorily explained the entire radiation spectrum. 

It should be noted that this granular or quantum concept of energy 
is radically different from that maintained by the classical Newton 
mechanics, whereby the energy of a body can change from one value 
to another through every conceivable value. Planck’s assumptions 
represent an empirical reasoning done in order to bring theory into agree- 
ment with experiment. The basic concept, interpreted from Eq. (2-1), 
is as follows: Any physical system is capable of having only a discrete 
set of possible energy values; the difference between any two values is 
absorbed or emitted as radiation equal to f = AE/h. The next sections 
will treat the application of this concept to the energies of eleetrons in 
the atom. 

2-3. The Planetary Atom. It is now commonly accepted that an atom 
consists of a small nucleus composed of positive electrical charges called 
protons and electrically neutral particles called neutrons. The nucleus 
ig surrounded by a number (equal to the number of protons) of nega- 
tively charged particles, namely, electrons. This number is referred to 
as the atomic number of the element, The neutrons are recognized as 
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fundamental units of mass and, together with the protons, determine 
the atomic weight of the element. Figure 2-2 illustrates he planetar 
configuration of an atom of oxygen. The nucleus is composed of ei “a 
is PO piss othe and the total positive charge is naigealinel 
ight electrons. us i i i 
Wh bad, ee , the atomic number for oxygen is 8 and its 
In this model of the atom, the electrons travel about the nucleus in 
circular orbits, wherein the centripetal force of the revolving electron is 
balanced by the Coulomb attraction of the nucleus charge.? — 
for example, the hydrogen atom, which consists of : 
one electron revolving about a single proton nucleus. Metin ae 
The hydrogen nucleus contains no neutrons and its S --8 = 
atomic number is 1. The force exerted upon the elec- (4 : ‘ 
tron would be equal to —q X q/xr? or —q?/xr? where { : 
r is the radius of orbit, q is the electron charge Q ‘a ne -) 
(4.80 X 107° esu), and «‘is the dielectric constant oe ee 
equal to unity for free space. If the electron is re: rg el 
volving with linear velocity v, the acting centripetal F1¢- 2-2- Oxygen 
force is mv?/r, where m is the mass of the electron, a 
equal to 9.11 X 10-8 g. If the magnitudes of the two forces are equated, 


Consider, 





¢° ne mo? 
or) = 7 (2-2) 
the radius of orbit is found to be 
q? 
= iz i (2-3) 


Additionally, the energy of the electron is made up of its potential 


energy, —q’/xr, and its kinetic energy, 4gmv2. Thus the total ener, 
of the electron is we 


S. —¢q’ —f2 
E = —* + Ym = == (2-4) 

The foregoing equations could be satisfied by any value of the radius r 
and if no other limitations were imposed, the electron could have any 
conceivable value of energy. If this were the case, on the basis of 
Planck’s Eq. (2-1), the spectrum of hydrogen orci comprise all fre- 
quencies. Spectrographic analysis of hydrogen reveals that this is con- 
\rary to fact, indicating that Eq. (2-4) is not completely correct. 

2-4, Hydrogen Spectra. It is evident from the spectrum of a burning 
hydrogen flame that the electron could not transcend a continuous range 
of energies, since only four discrete spectral lines are prominently visible 
Che wavelengths of these lines are 6,563, 4,861, 4,340, and 4,102 At. 
Although no theoretical basis was offered at the time, ‘i 1885 Johann 
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Balmer found that these spectral values formed a series which satisfied 
the following empirical relationship: 
+4 
d = 3,646 a (2-5) 
where } is the wavelength in angstroms and N is an integer having values 
greater than 2. If N is given successive values of 3, 4, 5, and 6, then 
the four previously mentioned wavelengths are obtained. 

In addition to these, other spectral lines have been obtained beyond 
the visible region. Lyman made measurements in the ultraviolet, and 
Paschen established a series in the infrared region. Both of these series 
were found to satisfy equations similar to Balmer’s. All were merged 


into the single equation 
1 1 
nie (ar i x) 20) 


where y is the so-called wave number, that is, the number of waves per 
centimeter and R is a constant, called the Rydberg number, equal to 
109,737 cm-!. M and WN are integers and are given values, depending 
on the series, as follows: 



















Series Spectrum | M N 
Lyman. ..-.5.--*- Ultraviolet 1 |N = 2, 3, 4, 
Balmer...........| Visible 2 |N =83, 4, 5, 
Paschen.......--- Infrared N =4, 5, 6. 





It is interesting to note that other equations similar to Eq. (2-6) were 
found to be in good agreement with spectrographic data for other ele- 
ments. In fact, the Rydberg constant came to be empirically universal. 

2-5. The Bohr Atom. In 1913, Niels Bohr applied Planck’s quantum 
hypothesis to the planetary picture of the atom and was thus able to 
offer the first physical explanation of the discrete line spectra. Bohr 
postulated that the revolving electron could occupy any one of a definite 
number of orbits without radiating; each orbit represents a definite 
energy level. Energy is radiated or absorbed only by jumps between 
orbits of different energy levels. 

For the hydrogen atom, the normal state corresponds to the electron 
residing in its innermost orbit. When the atom receives energy, the 
electron jumps to a larger orbit; when the atom loses energy by radiation, 
the electron falls back to definite inner orbits. To obtain agreement with 
experiment, Bohr assumed that the angular momentum of the electron 
would have to be an exact multiple of h/2m, where / is Planck’s constant.’ 
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Mathematically, this is written as 
Y 8h 
mor = n= (2-7) 


bet nm is an integer, referred to as a quantum number. In 1916 
pate eth oe extended the Bohr concept from circular to elliptic Drene 
a e revolving electron. In a circular orbit, the angle of rotation is 
e only variable ; In an elliptic orbit, both the angle of rotation and 
radius vary during one revolution. In any case, the conservation of 
weeny ean mor is maintained. In other words, for an elliptic 
orbit, the closer the electron comes to the nucl it wi 
ond Ghats ucleus, the faster it will travel, 
For the circular orbit, by combining Eqs. (2-7) and (2-3), eliminating 
v between them, and solving for the radius, we obtain 


re nh? 
4r?mq? (2-8) 


nae r oe the radii of allowed orbits for the Bohr hydrogen atom 
The energy of the electron at each orbit is found by substituti 
into Eq. (2-4) and obtaining Bie brcnieatee Mgt 


iw —2r?mq! 
nh2x (2-9) 
‘ pes ps only allowed energy levels exist for integral values of n, i.e 
- oy did f 
1 , 2,3, ..., ©. The lowest energy state corresponds to n = ils 


while n = © indicates that the ele 1 

) ctron is free and far from th - 
tion of the nucleus; that is, the atom is ionized. far 
* As indicated previously, the energy radiated by an electron jumping 
rom one level to another is equal to Af. Application of Eq. (2-9) shows 
that the total energy change is given by } 


_ 2n*mq' [ 1 1 


pivet the n’s correspond to the respective energy states. Since the 
’ paid of radiation f is equal to vc, where c is the velocity of light in 
centimeters per second, Eq. (2-10) may be solved for the wave number. 


fea 2r?mq* [ 1 1 

hee \MP — at) Seog: 
: his relationship gives the wave number of the spectral line emitted b 
{ is energy transfer, and is identical in form to Eq. (2-6), which Ad 
derived empirically. If numerical values are applied to iis constants 


it will be found that the coeffici i i 
hat t ‘oefficient will be in excellent 1 
the Rydberg constant, R = 109,737 em}, + aaa 
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Figure 2-3 shows the energy levels and spectral series for the pices 
atom for values of n up to n = 6. From the figure, it 1s — i Ss 
Lyman series corresponds to jumps to er nee say eee sii 

i nts jumps to the second level n = «; the © 
ea, aes eo He third level. Recently, other series which are 
related to jumps to the higher orbits 
have been observed in the extreme 
infrared. . 

2-6. Quantum Wave Mechanics. 
The Bohr theory of the atom, referred 
to as the old quantum theory, has been 
superseded in recent years by a new 
theory which still preserves the con- 
cept of discrete energy states, but 
renders an entirely abstract interpreta~ 
Fra. 2-3. Energy levels for hydrogen. tign for the nature of matter. This 


new theory is called the new quantum theory of vee maeshanee See hae 
i i ie, who in 1924 suggeste 
as its basis the work of de Broglie, w 1 It her aeag 
i i av ture similar to that of light energy. 
might be considered to have a wave na fi 
For the electron particle, de Broglie postulated that the “matter waves 
would have a wavelength of 


f=] 
uu 
oO 
ap 3955 


on oo 


W BOS 


Paschen 





(= 
N 
Ele Balmer 
cl 





(Normal level) 
Lyman 


ers (2-12) 


where m and v are the mass and velocity of the ik It is ha ie 
i i ip i i ith Bohr’s. quantized momentum, 1.¢., 
this relationship is consistent wt ag — 
= his suggests that the cireumlerenc 
mor = h/2n, where \ = 2ar. 4h ; peo 
i ds to an integral number of wavelengths. 
any electron orbit correspon sp sec I 
i fied by the work of Ge 

The wave hypothesis was later verl * one 
i i trons ean be diffracted in crys ‘ 
Davisson, who discovered that elec Sete 
the wavelength predicted by de rglie. 
though they were waves of seat 
the mathematical wave fun , 

These developments soon led to 
introduced by Schrédinger, which opened up a new era of understanding 

f atomic physics. 

i Schrédinger hypothesized that the laws of motion of the electron 


particle may be governed by the classical wave equation’ 
ag , a6 , ab _ Lote 7 
Ox? | by? az2—c?s CO? 


where ¢ is a periodic function equal to 
ti - W(a,y 2) ef(2ne/™! (2-14) 


If Bq. (2-14) is substituted into (2-18) to eliminate the time dependence 
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and de Broglie’s equation \ = h/mv is also substituted, the wave equation 
becomes 

ay , OW, a _ —4nmv? 

Ox? 1 oy? + 022 h? ¥ Gay 





The total energy E of an electron is the sum of its kinetic and potential 
energies V. 





E = lem’? + V 
mo? = 2(H — V) (2-16) 
Therefore, in terms of energy rather than velocity, Eq. (2-15) becomes 
hee iOeyirs OA OW he 
8r?m (= ri oy? oF a) te eae SR (2-17) 


This is the famous Schrédinger wave equation for three dimensions, 
wherein FE is the total energy of the electron, independent of position, 
and V is its potential energy, a function of position. The solution of this 
equation for various boundary conditions provides the mathematica] 
foundation on which the new quantum theory is based and furnishes a 
satisfactory explanation of the phenomena occurring in solid-state physics 
and chemistry. 

In a sense, the Schrédinger wave equation describes the electromechani- 
cal behavior of the electron as it moves about the atom in the presence of 
potential fields due not only to its nucleus but to other electrons and 
atoms as well. The wave nature is imparted by the 
function y, the so-called wave function that is the solu- 
tion of the equation. Strictly speaking, it is almost 
meaningless to attribute any physical significance to 
the wave function, for it is regarded only as a mathe- 
matical abstraction. According to quantum me- 
chanies,® the square of the wave function |y2| is a pro- 
bability density which is a measure of the amount of Fre. 2-4. Wave- 
time the electron spends in each elemental volume of function charge 
space occupied by its wave function. Since the elec- Gensity. (After 
tron must be somewhere in the region of the atom Maneeldeg-) 
bounded by the wave function, {\y?| dV must equal unity. Consequently, 
\Y’| gives the time-average charge-density distribution produced by the 
electron and might be depicted pictorially as a “spherical cloud of charge,” 
as shown in Fig. 2-4. 

The wave-function solutions of the Schrédinger equation, necessary for 
determination of the allowed energy states for atomic systems, are 
beyond the scope of this text. For the simplest case of the single electron 
of the hydrogen atom, it has been shown that results for the allowed 


cleetron energies similar to those derived from the Bohr theory are 
obtained, 
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2-7. Quantum States. Wave-mechanical analysis dictates that the 
y functions obtained for any atom are not characterized by a single 
quantizing number such as the n in the Bohr theory, but by a group of 
quantum numbers for different quantum states. By analogy, the 
solutions of the Schrédinger wave equation are similar to the solutions of 
the problem of a vibrating membrane, where only certain frequencies or 
normal modes will satisfy the particular boundary conditions. These 
modes may be described by a set of constants depicting the number of 
half wavelengths for each direction. In the same manner, the wave 
function is characterized by its number of wavelengths in the x, y, 
and z directions, yielding the three quantum numbers, n, 1, and m. For 
each quantum number 1, where n = 1, 2, 3, etc., there are values for 
1 eR Lic cham 440¥ 3 1). Additionally, the third quantum number 
m will have values of m= 0, +1, +2,..--, +1. Thus there are 
(21 + 1) different possible states for each quantum number. 

In addition to its motion through space, the electron also rotates about 
its own axis. This rotation introduces a fourth degree of freedom and a 
fourth quantum number, the spin. For reasons associated with the 
theory of relativity, the fourth quantum number is found to have only 
two permitted values, denoted by +14 and —14. Thus, the concept of a 
“quantum state” is defined as follows:’ A quantum state describes a 
possible mode of behavior of an electron. It is specified by stating its 
four quantum numbers, three describing the wave function and the 
fourth describing the spin. To simplify one’s understanding of quantum 
numbers, they may be likened to positional coordinates for the spinning 
orbital electron, wherein n denotes the radial characteristic, | denotes the 
azimuth characteristic, m denotes the magnetic characteristic or the 
plane of orbit, and s denotes the direction of spin. The significant point 
to be noted here is that while the Bohr theory postulated discrete energy 
levels, quantum mechanics postulates the existence of several quantum 
states at each level. 

As a matter of spectrographic nomenclature, quantum states when 
1 = Oare called s states, when | = | are called p states, when 1 = 2 they 
are d states, when / = 3 they are f states; additional states are in alpha- 
betical order. The possible number of states that may exist in the atom, 
for each value of n, is shown in Table 2-1. 

For n = 5 there are a total of 50 states and for n = 6 there are 72. 
Let us consider the hydrogen atom as an illustrative example of the table. 
In the lowest energy level, where n = 1, / and m are 0 and the quantum 
numbers are (1,0,0,+14) and (1,0,0,— 14). Therefore, the single 
electron may occupy either of the two allowed 1s states. 

If no restriction were imposed on the many-electron atom, it would be 
natural to expect that all the electrons would try to seek the lowest 
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TaBLE 2-1. DIsTRIBUTION OF QUANTUM STATES 


Quantum state Total number per atom 

Is 2 

2s 2 

2p of 
3s 2 

3p 6718 
3d 10 

4s 2 

4p 6 

4d 10(2” 
4f 14 


energy level. This, of course, would literally wipe out the periodic table 
of elements. The workings of nature are preserved by Pauli’s exclusion 
principle, which simply states that no two electrons may occupy the 
same quantum state. Or, in other words, no two electrons in a given 
system may have the same four quantum numbers. Pauli’s principl 

thus accounts for the manner in which i ate 


electrons are arranged in ‘‘shells”’ about LevelS 
the nucleus, as shown in Fig.2-5. Each Level4 
concentric shell is filled by as many elec- Level3 
trons as the number of allowed states iho 
permits. Strictly speaking, the energy- quell 
level schemes found in many of the ele- 
ments are not as simple as implied by 
lig. 2-5. In the periodic table, there 2 
are many elements whose next-to-outer- 8 pasta 
most levels are only partially filled by '8 wae 
electrons, owing to the complicated Poel 
wave function generated by electron Meee i 
ectron 


interactions. Tin, for example, has 4 

electrons in the fifth level but only 18 I RTI ac ie i Racal 
electrons in the fourth level, instead of erat ct et 

the 32 permitted by the number of allowed quantum states. Neverthe- 
less, some of the other representative elements in the periodic table adhere 
to the aforementioned quantum state distribution, as shown in Table 2-2 

Here, part of the periodic table has been extracted to illustrate these ie 
ments. It should be noted that these elements are the ones we will be most 
concerned with in relation to semiconductors and their impurities. The 
numbers in parenthesis are the atomic numbers or the numbers of vheninond 
in the atom. Since the first two levels permit two and eight states respec- 
tively, then for silicon with fourteen electrons, the third level “sill be filled 
with four electrons. Similarly, for arsenic the first three levels are filled 
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TABLE 2-2. Perropic TABLE FOR REPRESENTATIVE ELEMENTS 
IN SEMICONDUCTORS 








Number of electrons in outermost level 
No. of as es 
levels 3 4 5 
2 Boron (5) Carbon (6) Nitrogen (7) 
3 Aluminum (13) | Silicon (14) Phosphorus (15) 
4 Gallium (31) Germapium (32) | Arsenic (33) 
ae Indium Tin Antimony 





* These elements have only 18 electrons in the fourth level. 


with two, eight, and eighteen electrons, leaving five electrons in the outer- 
most orbit, making a total of thirty-three electrons. 

Let us consider the allowed quantum-state picture, i.e., the number of | 
states for each n level for the outermost electrons (valence electrons) of 
isolated atoms of the group IV elements. For carbon, two of the electrons 
will completely fill the 2s states, while the other two will fill only two of 
the six 2p states. For silicon and germanium, the same applies to the 
3s, 3p and 4s, 4p states, respectively. These states are shown pictorially 
in the energy-level diagrams of Fig. 2-6. Note that in each case, the s 


Carbon Silicon Germanium 
6 states - 2 filled 4p 


2 states - 2 filled qc 
6 states - 2 filled 3p 
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Fig. 2-6. Energy-level diagrams for valence electrons of isolated group IV atoms. 


state is completely filled and the p state partially filled with but two 
electrons. 

2-8. Theory of Energy Bands. To this point we have presented a 
qualitative description of how the wave-function solution of the 
Schrédinger wave equation establishes the quantum states and energy 
levels for electrons in isolated atoms. Now it remains to show what 
effects occur when we consider the electron wave functions moving about 
within the many close-lying atoms in solids. In erystalline solids, the 
individual atoms are arranged in a perfect array such that each atom is 
separated by the same lattice constant everywhere throughout the 
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crystal. The simplest hypothetical array to consider would be the 
evenly spaced line of atoms in one dimension portrayed by Fig. 2-7a.° 
Here each atom is shown with a 1s and a 2s energy level. This arrange- 
ment produces an electric potential field which varies in a periodic manner 
as does that of Fig. 2-7b. For the sake of analysis, Kronig and Penney 
assumed a potential field having a rectangular shape as shown in Fig. 
2-7c. By solving the Schrédinger wave equation for the boundary 
conditions imposed by this rectangular potential distribution, we obtain 
solutions (called Bloch functions) which are satisfied only for certain 
allowed electron energies as a function of the lattice constant. The 
actual crystal has a normal lattice constant, but mathematically we may 
permit the lattice constant to vary. For very large lattice constants it is 
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Vig, 2-7. Potential functions V(x) for Fia. 2-8. Split energy levels for linear 
linear array of atoms. array of three atoms. 


Energy —> 


found that the energy levels obtained are identical to those for isolated 
aloms. As the lattice is decreased, approaching the normal value, these 
diserete energy levels will each split into several allowed values. This 
in shown in Fig. 2-8 for the three-atom array of Fig. 2-7a. Each atom, 
when isolated at large lattice constants, is shown to have the single 1s 
and 2s quantum states. When the three atoms are coupled closer 
logether, each state splits into three allowed energy values. Mathe- 
matically, this is due to interactions or coupling of the electron wave 
functions for each atom as they are brought closer to the wave functions 
produced by the potential fields of adjacent atoms. The energy-level 
diigram shows the 2s states or the upper energy levels splitting at larger 
eparations, since in these states the electrons are farther from the 
juclei and thus interact sooner. 

The facet that each quantum state for this three-atom array splits into 
only three levels may best be explained by the analogy used by Shockley.® 
Consider three identical weighted springs, each having the same single 
mode of vibration or the same single energy level. If the three springs 
are lightly coupled together with, for example, a weak spring as shown 
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in Fig. 2-9, the coupled system will possess three modes of vibration, 
neither of which is the same as the mode of the isolated springs; it might 
be said that the system has split into three energy levels. Thus, on this 
basis we may conclude that for a group of n identical atoms, n levels may 
be expected to exist. However, for very large values of n, the split 
energy levels lie very close together. When 7 is of the order of 102 (the 
approximate number of atoms per cubie centimeter of a solid) there are 
1022 levels. In this case, the levels are so close in value as to be indis- 
tinguishable and may be considered as bands of allowed energies or 
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Fig. 2-9. Mechanical analogy of split energy levels. (After W. Shockley. ) 
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Fic. 2-10. Energy bands in a solid. 


energy bands, where in the limit the width of the bands is independent of 
the number of atoms in the crystal. Thus, the energy-level diagram fora 
solid composed of the atoms of Fig. 2-7 would appear as shown in Fig. 2-10. 
There are no quantum states in the region between the allowed energy 
bands and it is therefore referred to as the forbidden energy zone or band gap. 

It may be pointed out here that the Kronig-Penney analysis is a 
simplified approximation for an imaginary one-dimensional atomic array. 
An exact analysis of the nature of the electron wave function in a three- 
dimensional periodic potential field requires the theory of Brillouin zones, 
which is beyond the scope of this text. 

2-9, Energy Bands in Crystals. As will be seen in the next chapter, 
much of the electrical conductivity properties of semiconductors is 
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learned from the study of the energy-band structure and the distribution 
of quantum states. Since the properties of carbon are akin to those of 
silicon and germanium, it would be well at this point to study its band 
picture as a representative semiconductor material. 

If the atoms of carbon are brought together to form a crystal, viz., 
diamond, the resulting energy bands appear as in Fig. 2-11.7. As men- 
tioned previously, the four valence electrons in the isolated atom are 
distributed evenly between the 2s and 2p quantum states. Since there 
are two allowed states at 2s and six allowed states at 2p, the 2s level is 
completely filled and the 2p level is partially filled. Of course, each atom 


Number of 
quantum states 





Lattice constant 


Fria. 2-11. Energy bands in diamond. (From W. Shockley, ‘Electrons and Holes in 
Semiconductors,” D. Van Nostrand Company, Inc., Princeton, N.J., 1950.) 


also contains two electrons in the 1s state, but these are bound so tightly 
to the nucleus that no appreciable interaction occurs. They can be con- 
sidered, therefore, as unaffected by their being in the crystal. 

As shown in the diagram, the energy levels split into bands but the 
cight allowed states per atom split equally between the upper and lower 
bands. There is a quantum conservation theorem which states that 
the number of quantum states in split bands must be the same as the 
number of atomic quantum states from which the bands are produced. 
l'urthermore, for each atom, the four allowed states in the lower band 
hecome completely filled with electrons, leaving the upper band com- 
pletely empty. This occurrence is of utmost significance with regard to 
semiconductors, as will be seen later. Physically, it implies that as the 
lattice spacing approaches normal, the electrons of one atom interact so 
strongly with those of another that every two electrons finally pair up and 
become bonded. The symmetry is evident from the fact that each of the 
four electrons of one atom “sees”? one electron from each of four neigh- 
boring atoms, forming a tetrahedral structure for the lattice. 

These electron pairs are called valence bonds; therefore the lower 
energy band is referred to as the valence-bond band. Shockley points out 
that the average energy of the valence-bond band is much Jower than the 
original 2s energy level; this drop in energy is associated with the binding 
energy of the crystal, 
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PROBLEMS 


2-1. Using the Bohr theory, calculate the energy in electron-volts necessary to 
ionize a single hydrogen atom. 

2-2. A single impurity atom having five valence electrons is substituted for an atom 
of germanium in a crystal. Assuming that the behavior of the excess electron is 
similar to one in a hydrogen atom, calculate the energy in electron-volts necessary to 
ionize the impurity atom. The dielectric constant for germanium is 16. Calculate 
the radius of orbit for the excess electron. 

2-3. For isolated atoms of both germanium and silicon, write down the quantum 
numbers (n,l,m,s) for the outermost valence electrons only. Assume that all the 
electrons of the atom have filled the lowest energy states. 
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3-1. Application of Energy-band Theory. We have seen that the 
clectromechanical interactions within a crystalline solid lead to bands of 
allowed energies and that the electrons may occupy only those quantum 
slates dictated by the energy bands. These results were obtained by 
examining the nature of the electron wave function, obtained as solutions 
\o the Schrédinger wave equation, which characterizes the motion of the 


electrons through the periodic potential fields 
Y 
LEE 
LL) 


within the atomic lattice. In the group IV 
Energy band gap 






elements such as carbon, silicon, and ger- 
manium, the outermost electrons were shown 
in bound states, completely filling the lower 
energy or valence-bond band and leaving the 
upper band empty. 

Strictly speaking, the valence states are 
completely filled only at the absolute zero of 
lomperature, 0° Kelvin. At room tempera- 
lire, thermal agitation will impart sufficient 
energy to permit some of the electrons to 
break the bonds and excite them into the un- 
lilled energy states in the upper energy band. Because the energies 
ussociated with these electrons permit the conduction of electricity through 
(he solid, the upper energy band is called the conduction band. Therefore, 
i! normal lattice constants, the energy-level diagram for a solid would 
ippear as shown in Fig. 3-1. The band gap represents those energies for 
which there are no allowed quantum states. It must be emphasized that 
(he energy-band picture shown is highly simplified. Actual wave-me- 
vhanical analysis would reveal a complex structure involving maximum 
ind minimum values for each band edge.'* Nevertheless, the concept 
implied by Fig. 3-1 is adequate for this discussion. 










Electron energy ———» 


Fig. 3-1. Energy-level dia- 
gram. 


* Roferences, indicated in the text by superscript figures, are listed at the end of the 
ohapter, 
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Suppose that for a given solid the valence band is completely full, while 
the conduction band is completely empty. No electron in the valence 
band can take on anGenergy value within the same band, for this would 
violate Pauli’s exclusion principle. Furthermore, no electron can take on 
the additional energy necessary to place it in the band gap since there are 
no allowed energies permitted in the forbidden zone. As long as the 
valence band remains filled, those electrons cannot contribute to conduc- 
tion, since this implies an acceleration or increase in energy due to an 
electric field and would necessitate the occupancy of a close-lying state. 
However, an electron may jump to any of the unfilled conduction-band 
states if the energy increase accepted is sufficiently large to do so. This 
energy increase could be of the form of heat radiation or high electric 
fields. Thus, if thermal agitation excited some electrons into the conduc- 
tion band, then the conduction band would be partially filled, and it is 
apparent that these electrons would contribute to conduction, since there 
are other unoccupied states in the same band. As will be seen later, 
electrical conduction is also possible in the valence-bond band because of 
the empty states left by the excited electrons. 

3-2. Conduction Properties of Solids. The concept of occupancy of 
allowed quantum states in the energy bands gives us a qualitative 
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Fic. 3-2. Energy-level diagrams for various solids. (a) Insulator; (b) semiconductor; 
(c) metal. 
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explanation for the differences in electrical conductivity observed among 
insulators, semiconductors, and metals. Since electrical conductivity is a 
measure of the number of electrons available for electric-field acceleration, 
the nature of the band pictures for the three types should be indicative 
of conductivity. Figure 3-2 shows the energy-level diagrams for insu- 
lators, semiconductors, and metals. The fundamental difference is the 
size of the energy band gap. 

In the case of the insulator, the band gap is so large that even at room 
temperature hardly any of the electrons can acquire sufficient energy to 
lift them to the energy levels within the empty conduction bands. In 
semiconductors the band gap is much narrower, and at room temperature 
an appreciable number of electrons may be thermally excited to the 
conduction band, attributing conductivities to these solids, In metals 
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(Fig. 3-2c), the energy bands overlap one another in such a manner that 
many states are left unfilled and available for occupancy by electrons. 
This gives very high conductivities for metals even at very low tempera- 
tures. Kittel arbitrarily classified the conductivities for these three classes 
of solids as follows :? 


Insulators: 10-2? to 10-!4 mho-cm—! 
Semiconductors: 10-® to 102 mho-em7! 
Metals: 10° mho-cm™! and greater 


In many solids, including semiconductors, the conduction bands are not 
as simple as those shown in Fig. 3-2, but consist of several overlapping 
conduction bands. However, this is not of direct consequence for semi- 
conductors since we need be concerned only with those states near the 
bottom of the conduction bands. Similarly, the only states of interest in 
the valence-bond band are those lying near the top of the band. We are 
interested only in those energies near the edges of the bands because 
thermal energies can excite electrons by only about a fraction of an elec- 
tron-volt of energy, whereas the bands may be several electron-volts wide. 

3-3. Semiconductor Crystals. As previously indicated, the group IV 
elements, with four valence electrons in the outermost orbits, comprise 


Valence 
electrons 





lta. 3-3. Diamond-type structure of semi- Fa. 3-4. Two-dimensional representation 
conductor crystals. (After W. Shockley.) of germanium lattice. 


(he semiconductor solids. These elements are carbon, silicon, and 
germanium. ‘Tin and lead, also group IV elements, have overlapping 
bands and therefore exhibit metallic conduction properties. In the 
crystalline form, each of the atoms forms covalent or electron-pair bonds 
with four other atoms, creating the tetrahedral structure of the diamond- 
(ype erystal. This is illustrated in Fig. 3-3, where the structure is a cubic 
ivrangement with each of the eight corner atoms forming a simple cubic 
lattice like the one sketched in dotted lines. More simply, in two dimen- 
sions, the arrangement would appear as shown in lig. 3-4 for a germanium 
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crystal. Here each germanium atom forms an electron-pair bond with 
four neighbors. 

In the energy-band picture, the energies associated with the bonded 
electrons lie in the valence-bond bands, and the energy necessary to break 
the bonds corresponds to the energy-band gap. Measurements have been 
made of the band gaps for semiconductors, and the present-day values are 
as follows (0°K): 

Carbon Silicon 
6-7 ev 1.21 ev 


Germanium 
0.785 ev 


It can be seen that the band gap for carbon is quite enormous, indicating 
that at room temperature a pure diamond crystal would behave very 
much like an insulator. Furthermore, since the band gap of silicon is 
larger than that of germanium, silicon is able to withstand higher tem- 
peratures than germanium, as far as conductivity is concerned. Thus, 
silicon and germanium comprise the semiconductor materials in major 
use today. Their physical properties are given in Table 3-1.’ 


TABLE 3-1. PROPERTIES OF GERMANIUM AND SILICON 








Property Germanium Silicon 
Mialting trait: 02G. he, eek ag veande ban wee PSS elas 936 1420 
Density abrao Cty CON nw es ot Gree uo pene oe 5.323 2.330 
Thermal expansion coefficient at 25°C, 1/°C......... 6.15104 4.2 X 10-8 
Thermal conductivity at 25°C, cal/(sec)(em)(°C). . . .| 0.14 0.20 
Specific heat at 0-100°C, cal/(g)(°C)...............| 0.074 0.181 
AN OM CAW CLG ck ee oe: +o Sine ein. mertiria sts Soue 72.60 28.08 
Atomic Mim Nebackion see 5 carte et os ee ee 32 14 
LatticeeonstantatieoC, UN. <i ra os nh hdo deo wa eon 5.657 < 1078 | 5.429 * 1078 
ACOMIN CIDR AN «cs Res Oat als yas, cere we er ft ees 4.42 * 10” 4.96 * 1072 
Volume compressibility, cm*/dyne.................|1.8 K 10-¥ 0.98 
Dacise nicconstants.< Ss ccs os 2 fag As soo 3n 3 Palette 16 12 
Enereyaband paprats00°K; CV. dfs eae cao en as 0.72 Led 








Since the band gap of a semiconductor is a function of the lattice 
constant (see Fig. 2-11), it would be expected that the band gap depend 
somewhat on temperature. It has been found for germanium and silicon 
that the energy-band gap decreases slightly with temperature at the rate 
of 2.23 X 10-4 ev/°K for germanium’ and 3.6 X 10~4 ev/°K for silicon. 
For example, at 0°K, Hg for germanium is 0.78 ev, and at room tempera- 
ture, 300°K, Eg = 0.72 ev. The basic relationship is given as 


Eg(T) = Ea(O°K) — B 


Yd 


(3-1) 


where £ has the aforementioned respective values, and 7' is the tempera- 


ture in degrees Kelvin, 
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3-4. Hole Conduction. It was stated that when an electron from the 
valence band is excited to a state in the conduction band, it leaves behind 
a vacant state in the valence band. In the case of a semiconductor, this 
corresponds to a broken bond, as shown in Fig. 3-5 for the germanium 
crystal. This vacant or empty state is referred to as a hole, and it is 
evident that a hole will be created for each electron jumping into the 
conduction band. Since a hole in the valence band is essentially an 
unfilled state it is possible for an electron within the band to jump into the 
hole, leaving another hole behind. This process may be continuously 
repeated, with the valence-band 
electrons creating a hole for each 
one they fill. Thus it is possible 
for conduction to occur in the 
valence-bond band, since the elec- 
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Fig. 3-6. Analogy of hole conduction. 





I'1q. 3-5. Broken bond creating hole-elec- 
tron pair. 

{rons may take on the necessary energy supplied by an electric field to 
place them into the empty hole states. 

It is convenient, however, to look upon the conduction process in terms 
of hole movement rather than electron movement; that is, the holes move 
in the direction opposite to the direction of electron movement. This 
phenomenon may be simplified by visualizing, for example, a number of 
valence electrons arranged in a row with one of them missing, as shown in 
lig. 3-6a. The missing electron represents a hole; as each adjacent 
electron moves to the left to fill the hole, the hole moves to the right as 
in b. After successive electron jumps, the hole has moved far to the right 
us in Fig. 3-6c. The movements constitute a transfer of negative charge 
(o the left, or in effect, a transfer of positive charge to the right. Thus, 
(he movement of holes is analogous to the movement of positive charges, 
in contrast to the movement of electrons, which are negative charges. 

IUxtensive experimentation and theoretical analysis has shown that this 
is the case for semiconductors. The observed conduction process is a 
combined movement of electrons in the conduction band and holes in the 
valence band. Furthermore, according to quantum mechanics, the 
behavior of either type of “particle” (referred to as a carrier) within the 
erystal is very much the same as that of the classical free particle, provid- 
ing corrections are made for both the sign of charge and the mass. It has 
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been proven that although the effective masses of the electron (m,) and 
the hole (m,) are different, they are both of the same order of magnitude as 
the free electron mass m. These differences are related to the energies 
and velocities involved for applied electric and magnetic fields, and have 
not as yet been accurately measured. 

In summary, it has been demonstrated that for a pure semiconductor 
crystal at room temperature, a number of electrons will be excited into the 
conduction band, leaving an equal number of holes in the valence band. 
Furthermore, both the holes and electrons contribute to conduction as 
positive and negative charges, respectively. It now remains to calculate 
these concentrations or densities as functions of temperature and band 
Zap. 

3-5. Fermi-Dirac Distribution Function. Under conditions of thermal 
equilibrium the distribution of the electrons among the quantum states 
cannot be completely governed by classical statistics such as the Maxwell- 
Boltzmann distribution law. This would apply to problems concerning, 
for example, the distribution of velocities of gas molecules, where any 
number of molecules may have the same energy. In semiconductors, 
electrons cannot have the same energy states because of the limitations 
imposed by the Pauli exclusion principle. To account for this restriction, 
Fermi-Dirac statistics must be employed. The Fermi-Dirac distribution, 
function f(Z), which gives the probability that a quantum state with 
energy H is occupied by an electron, is given by the formula 


1 
f(E) = 1 €@-Erykr (3-2) 


where Hy is called the Fermi energy or level and k is Boltzmann’s con- 
stant. The kT term arises from statistical mechanical theory and 
corresponds to the thermal energy of a one-dimensional harmonic oscil- 
lator. It is seen that when the energy F is equal to the Fermi level, the 
value of f(£) is one-half. 

The significance of this function may be understood by referring to the 
curves of Fig. 3-7, which are plots of f(£) with E with temperature. At 
absolute zero (7’ = 0°K) no electrons will occupy any of the conduction 
states; therefore, the probability of occupancy f(Z) for E > Ey will be 
zero. The probability of occupancy of the valence states (i.e., where 
E < Er) will be unity. Under those conditions, the Fermi level will be 
at the midpoint of the forbidden zone. 

At room temperature (7’ = 300°K) the function becomes more diffuse, 
appearing as shown in Fig. 3-7b. Since some electrons will be thermally 


excited in this case, it would be expected that for the energies associated 
with the bottom of the conduction band My, a small probability of oceu- 
pancy would exist, At the top of the valenee band Hy, the probability 
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of occupancy is likewise decreased from unity, since the valence band is 
partially emptied. It should be noted that in both cases a and b, the 
Fermi level is just a mathematical definition associated with the dienes 
tion function and does not imply an allowed energy level. Lastly, if the 
temperature were increased further, the f(2) function would appear as 
shown by the dotted curve in Fig. 3-7b. 

The value of kT’ is 0.026 ev for 7’ = 300°K; if the band gap is 0.72 ev, 
as for germanium, the energy difference batetien the conduction band 
and the Fermi level (viz., Hc — Ey) is 0.36, or approximately 14k7. 
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lta. 3-7. Fermi-Dirac distribution functions superimposed on energy-band diagrams.’ 
lor this situation, where # — Ey > kT, Eq. (3-2) may be given by the’ 
Approximation , 

SCE) = «—(4-Fr) [kr (3-3) 


vince the exponential term is greater than unity. Equation (3-3) gives 
the value of that fraction of the quantum states at energies H occupied 
hy electrons. With this being so, 1 — {(Z) corresponds to the fraction 
left vacant or occupied by holes. By algebraic manipulation, 


1 ery 
1 — f(Z) = Tf Erber (3-4) 


liy the same approximation (viz., Er — E > kT) the distribution fune- 
lion for holes at the top of the valence band becomes 


1 — f(E) = —Gr-B kr +! at (3-5). 


lquations (3-3) and (3-5) will be used in the following section to calculate 
(he equilibrium concentration of carriers in the semiconductor. 

3-6. Equilibrium Concentration of Carriers. It is apparent that if the 
(listribution of the quantum states with energy and the probability of 
vecupaney of those states were known, the free electron density n and 
(the hole density p could be determined from the product. If N(£) is 
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defined as the number of quantum states per unit energy per unit volume 
of the crystal, then the density of states S in a particular energy range 
would be 
E2 
S= [,N(@) dB (3-6) 


Therefore the density of free carriers would be given by 
E» 
n= [," S(E)N(E) ae (3-7) 


Although the wave mechanics of the Brillouin-zone analysis is not 
treated here, the theory gives the expression for V(Z) as ® 


N(E) = 5 (2m)(E — E,)¥ (3-8) 


This equation gives the density of quantum states per unit energy for 
energies slightly above the minimum energy £). 

Applying Eqs. (8-3) and (8-8) to (3-7) to calculate the density of 
electrons in the conduction band, we obtain 


n= [| e-Enit  (om)*(E — Eo)* dE (3-9) 
h3 


Ec 


where Ee is the bottom energy of the conduction band. If the sub- 
stitution 2; = LH — Hc is made and the constant terms are factored out, 
the integral becomes® 


n= e-fe-En ier (2m)’* [ Hy%e-"ikT dB, (8-10) 
This may be integrated with the following result: 
pega Cay" pay Min (11) 


This is of the form n = Ncf(Ec), where Nc may be interpreted to be the 
effective density of quantum states in the conduction band, or 


36 
Ne =2 Gacea) = 4.82 X 107% em? (3-12) 


For the density of holes in the valence band, the same method of 
analysis gives similar results as follows: 


~— Pan e—(Br—Ey) [kT (3-13) 
onmk T\%8 
and Ny =2 CaF *) = 4.82 x 107% — cm-* (3-14) 


where Ny is the effective density of quantum states in the valence band. 
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Thus it is seen from Kgs. (3-11) and (3-13) that, for a perfect crystal, 
the density of electrons and holes available for conduction at a given 
temperature obeys complete statistical symmetry. However, the deriva- 
tions assumed the effective masses to be equal to the free electron mass 
m. Equations (3-11) and (3-13) are corrected for this by multiplying 
them by (m,/m)* and (m,/m)”, respectively. A very important result 
is obtained by multiplying Eqs. (3-11) and (3-13), viz., 


np = NcNye @e-Ev kT = NoNye-Falkt (3-15) 


where — Fg is the band gap equal to —(H¢e — Ey). If the correction is 
made for effective masses and the temperature variation of the band gap 
given by Eq. (8-1), then (3-15) becomes 





MnMp\* ,., 
np = 2.33 X 108 ( —5* } T%e-Faolk? Bik (38-16) 
™m 
It is evident that for a given semiconductor material, the equilibrium 
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Fig. 3-8. Graphic computation of free carrier concentrations. 


product np is independent of the Fermi level Zr and is dependent only 
on temperature. This relationship, as will be seen later, is of utmost 
‘ignificance with regard to semiconductors. It implies that regardless of 
what densities » or p may be, the product is always constant for a given 
lemperature. 

It would be appropriate here to further clarify the application of the 
l‘ermi function in determining the free carrier concentrations. In Fig. 
4-8 is a graphical portrayal of the foregoing analysis. For the purpose of 
illustration, let us assume that the distribution of allowed states as a 
lunetion of energy within the bands, as given by (3-8), is arbitrarily of the 
form shown in lig. 8-8a. Note that for this case, which applies to the 
perfect crystal, there are no allowed states in the band gap. Now, to 
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determine which of these states are filled with carriers, we need to know 
what their probability of occupancy is. This is given by the Fermi 
function, plotted in Fig. 3-8b, for a specific temperature. Multiplication 
of function (a) by (b) therefore yields the concentration of free carriers in 
each of the bands, shown in Fig. 3-8c. In this example, the hole con- 
centration in the valence band is equal to the allowed density of states less 
the electron density there. Since there is a free electron for each hole, 
the carrier distributions in the bands must be equal. Note that although 
the Fermi function indicates a probability of occupancy in the band gap, 
there are no allowed states and therefore zero concentration of carriers. 

3-7. Intrinsic Conduction. The previous sections have considered only 
the pure, perfect semiconductor crystal which is free of any impurities 
and structural defects such as lattice vacancies, dislocations, and dis- 
orders. Since such a defect would disturb the periodic potential field in 
the vicinity of the defect, it would be expected that the energy-band 
structure in the region would similarly be distorted. Thus the quantum- 
state distribution is altered, introducing additional carriers into the 
bands. This results in conductivities higher than that which is theoreti- 
cally attainable for a perfect crystal. 

Nevertheless, for the perfect crystal, the total number of electrons is 
equal to the number of holes, or 


m=) 
and the conduction due to n and p is referred to as intrinsic. Equating 
(3-11) and (3-13), with the respective effective mass correction, we obtain 


9 34 
No (my ee-ennet = Ny (™@2)) -ur-enier 
m m 


Solving for Ly, we obtain 


E E Mn 
Hy = EAC _ ger nm (3-17) 
Subtracting Hy from both sides of Eq. (8-17), we get 
_Hce—#y_ 3 bag 
Ey — Ey = ae a 34kT In a 
z ie oes ms ig 
Er Ky = 2 4kT In a (3 18) 


Pp 

This equation gives the position of the Fermi level, in electron-volts, 
with respect to the valence-band edge. If m, = m, = m, the free 
electron mass, then Ey — Ey = E¢/2, which means that for an intrinsic 
semiconductor the Fermi level lies midway in the band gap, as was 
described in Sec. 3-5. 

Although conductivity (or resistivity), per se, will be diseussed in the 
next chapter, it is apparent that it is related to the free carrier densities 
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nand p. If the conduction is intrinsic, i.e.,n = p = nj, then 
MnMp \** 
n? = np = 2.33 103! (me ") T3e—Faolk? Blk (3-19) 


Present experimental measurements of high-quality crystals by Morin 
and Maita have yielded the following empirical expression for Eq: 
(3-19) :78 
np = 3,10 1082 Fiber). 788 /er germanium (3-20) 
np = 15 X 10827'%¢-1.21/Kr silicon (3-21) 


These relationships are valid up to temperatures of about 300°C and are 
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l'ta, 3-9. Temperature variation of n; for Fria. 3-10. Temperature variation of n; 
intrinsic germanium. (F. J. Morin and for intrinsic silicon. (F. J. Morin and 
J. P. Matta, Phys. Rev., vol. 94, p. J. P. Maita, Phys. Rev., vol. 96, p. 28, 
1525, 1954.) 1954.) 


shown in Figs. 8-9 and 3-10 where n; = (np) is plotted as a function of 
lomperature. Additionally, the coefficients of (3-20) and (3-21) include 
(he possible values for the hole and electron masses as well as the band- 
wap temperature dependence. 

3-8. Impurity Conduction in Semiconductors. It should be evident 
(hat the perfect, flawless, impurity-free crystal would be the exception 
rather than the rule in semiconductor technology. Even when prepared 
under the most carefully controlled laboratory conditions, the ultimate 
erystal exhibiting absolute intrinsic conduction is hard to come by. 
Vurthermore, as was indicated in Chap. 1, practical junction-transistor 
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structures are dependent upon impurity-doped semiconductors in order to 
obtain the appropriate conductivities in the various regions. The 
practice of intentionally introducing impurities into purified semicon- 
ductor crystals is of basic importance to semiconductors. In this and the 
following sections, we will see how the number of electrons excited into 
the conduction band, or holes into the valence band, may be increased 
considerably by the presence of certain impurity atoms. The electrical 
conductivity that results from impurity doping is referred to as ¢mpurity 
conduction or sometimes as extrinsic conduction. 

Because of the covalent structure of the four valence electrons of semi- 
conductor atoms, the impurities of interest are those of the group III and 
group V elements (periodic table, Table 2-2). It turns out that in the 








(Ge) Excess 
electron 


\d 





(a) 


Fia. 3-11. Impurity conduction in semiconductors. (a) Excess conduction due to 
donor impurities (group V); (b) deficit conduction due to acceptor impurities (group 
Ti. 


process of doping crystals, the atoms of these impurities will be sub- 
stituted in place of the semiconductor atoms in the crystal lattice. This 
is in contrast to some cases where atoms might be positioned intersti- 
tially, that is, in the space between lattice atoms. 

Let us consider, for example, a group V element such as antimony, 
which has five electrons in the outer orbit. If an atom of antimony is 
substituted for a germanium atom in a crystal, four of the five electrons 
will satisfy the covalent bond requirements of the neighboring germanium 
atoms. The fifth electron, however, remains unbound and is left to 
“wander” throughout the crystal. This is shown in Fig. 3-lla. Since 
each antimony impurity atom, or in general each group V atom, donates 
an excess electron to the crystal, they are called donor impurities. The 
loss of the electron leaves the impurity atom with a net positive charge, 
since only four electrons are available to neutralize the donor nucleus. 

On the other hand, if a group III element such as gallium, which has 
three electrons in its outer orbit, is substituted, only three of the four 
neighboring covalent bonds will be satisfied, ‘This creates a deficit bond 
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or hole, as shown in Fig. 3-11b. In order to satisfy the fourth bond, the 
group III impurity atom will readily accept an electron from the crystal. 
lor this reason, these elements are called acceptor impurities. The 
acceptance of an electron must, of course, create a hole elsewhere in the 
crystal. Also, the presence of the accepted electron establishes a net 
negative charge for the acceptor atom. 

It should be emphasized that the donor and acceptor impurity atoms 
appear as fixed positive and negative ions, respectively. In the crystal, 
they are immobile and do not conduct. Only the extra electrons and 
holes are mobile and contribute to impurity conductivity. 

3-9. lonization Energies of Impurity Atoms. Wave-mechanical analy- 
sis of the motion of the excess electron about the donor impurity atom has 
shown that the situation is similar to that of the single electron revolving 
about the nucleus of a hydrogen atom.’ It was demonstrated, using the 
Bohr theory, that the energy binding the electron to the hydrogen nucleus 
Is 
_ 2n?mq' 


B==5 


= 13.6 ev 





This, however, was the case for free space. In a semiconductor, the 
charge of the nucleus of the impurity atom is shielded by the dielectric 
constant of the surrounding medium, which lessens the force of attraction 
on the excess electron. If the equation is corrected for this effect, the 
impurity ionization energy becomes 


_ 2n?mq* _ 13.6 ‘ 





fe Kh? ai 
where « is the dielectric constant. For germanium, « = 16; for silicon, 
«= 12. As a result, the impurity ionization energy for germanium 
would be 0.053 ev, and for silicon 0.095 ev. At normal temperatures, the 


excess electron will readily acquire these energies and effectively become 
unbound from the impurity atom. Similar reasoning will also apply to 
(he holes created by acceptor impurities. However, it would be expected 
(hat the ionization energies of acceptors be slightly different from that of 
donors because of the differences in effective mass between holes and 
electrons. Experimental measurements of impurity ionization energies 
wive remarkably close but slightly different results. 'The most recently 
obtained values for group III and V elements are presented in Table 3-2. 
he ionization energies decrease as the impurity concentration reaches 
high densities of the order of 1018 atoms/cm’. This is explained by the 
fact that the electrostatic attraction of neighboring ionized impurity 
atoms enhances the escape of the excess electron or hole. 

The presence of impurities will modify slightly the distribution of 
quantum states within the erystal. At very low temperatures, where 
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Tasie 3-2. Impurity JonizATION ENERGIES!%!! 

















E;, ev 
Type Element 

Germanium Silicon 

A OCODHOL ois eneseie =f Boron 0.0104 0.045 
Aluminum 0.0102 0.057 

Gallium 0.0108 0.065 

Indium 0.0112 0.160 

Donorg® sh Sen vere Phosphorus 0.0120 0.039 
Arsenic 0.0127 0.049 

Antimony 0.0097 0.039 


the excess electrons are bound to the donor atoms, each donor atom will 
remove a state from the conduction band and establish it as an allowed 
state of lower energy. This lower energy level is referred to as the donor 
impurity energy level and is below the bottom of the conduction band by an 
amount equal to the donor ionization 
energy. Similarly, for an acceptor im- 
purity, each atom raises a state from the 
valence band to an acceptor-impurity 
energy level, just equal to the acceptor 
ionization energy. These impurity 
energy levels are depicted in Fig. 3-12, 
where Ep and FH, are the respective 
levels. The donor ionization energy 
Exp = Ee = Ep and Eya = Ea = Ey; 
these energies are called impurity band 
gaps. Thus, at normal temperatures, 
the bound electrons readily jump the 
Fig. 3-12. Energy-level diagram for impurity band gap and fill empty states 
ye Blane Gena in the conduction band, leaving the 
donor atoms positively ionized. By the same reasoning, electrons from 
the valence band will become bound to the acceptor atoms, leaving holes in 
the valence band available for conduction. Here each acceptor atom is 
negatively ionized. 

3-10. Electrical Charge Neutrality. Whether donor, acceptor, or both 
are present in a crystal, the total net charge within the crystal must be 
zero; i.e., the crystal must be electrically neutral. Each positive donor 
ion is neutralized by its excess electron and each negative acceptor ion is 
neutralized by a hole. At very low temperatures, some of the excess 
carriers will be bound to the impurity atoms, but charge neutrality is still 
not disturbed. For high temperatures, in addition to the free excess 


Conductor band 





Ey 


Valence band 
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carriers and the ionized impurity-atoms, electron-hole pairs will be gen- 
erated by thermal agitation, as previously described for intrinsic con- 
duction. ° Since there is an electron from each positive hole, it becomes 
evident that no charge unbalance occurs. If both donors and acceptors 
are present, free electrons from the donor atoms will fill the vacancies of 
the acceptor atoms, leaving an excess of carriers determined by the greater 
of the impurity densities. 

This picture of charge neutrality may best be exemplified by Fig. 3-18, 
which shows a simplified distribution of the free carriers and the impurity 
atoms. The symbols are defined as follows: 

Np = density of donor impurity atoms 
Na = density of acceptor impurity atoms 
n = density of electrons in conduction band 
p = density of holes in valence band 
np = density of electrons bound to donors 
pa = density of holes bound to acceptors 
In this case, Np = 7 atoms and Nu = 4 atoms. For the temperature 
involved, np = 2 and pa = 2 impurity atoms that are unionized. Also, 
three thermally generated hole-electron 


pairs are shown. Therefore, n P. 
(Np — Mp) — (Na — =n— perry eee ners eee 
p — tip) — Na Pa) Pop CSG0000-------- p=5 
(3-22) No Donor level = y=7 
° Na=4 
where n and p include the hole-electron Gi kaa Te npe2 
pairs. If it is assumed that all the im- D> ag cael pret tenia Pare 
purity atoms are fully ionized, (3-22) ty Ae 2 
Pp er 


becomes 





Nno—Na=n-p (3-23) Fig. 3-13. Simplified picture of 
carrier distribution in impurity 


which states that the net excess of donors e 
semiconductor. 


over acceptors is just equal to the excess 
of electrons. For the example of Fig. 3-13, the net excess is three electrons 
and three donorions. The same reasoning applies to an excess of holes and 
acceptors. Thus, Eqs. (3-22) and (3-23) are basic in charge neutrality. 
3-11. Semiconductor Nomenclature. At this point it would be appro- 
priate to establish the terminology that is often used in reference to semi- 
conductors. As a matter of definition, if there exists an excess of donor 
impurities over acceptor impurities within a crystal (i.e., Np > Na) the 
semiconductor is called n type. This refers to the fact that conduction is 
due to concentration of negative charge carriers or electrons in the conduc- 
tion band. On the other hand, if N4 > Np such that there is an excess of 
acceptors over donors so that there is an excess of hole carriers in the 
valence band, the erystal is called p type. It follows that if an impurity 
balance exists, that is, if Np = Na, the excess holes equal the excess 
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electrons. For this condition, the conduction is intrinsic in nature, and 
the crystal is said to be compensated. In the next chapter, we will see 
that a compensated crystal will not have the same conductivity as a pure 
intrinsic crystal. 

This nomenclature is summarized in Table 3-3. It should be noted 
that in an n-type semiconductor the electrons are called majority carriers. 
In a p-type semiconductor, the holes would be the majority carriers. 
The opposite carriers in n- and p-type crystals are called minority carriers. 
As will be seen later in the text, minority-carrier conduction is of prime 
importance in junction transistors. 





TABLE 3-3 
Type n p 
TM PUTS. sa AOL LAS Donor Acceptor 
Majority carriers...........] Electrons | Holes 
Minority carriers...........] Holes Electrons 





3-12. Fermi Level in Impurity Semiconductors. In an intrinsic semi- 
conductor, that is, one free of impurities, the Fermi level will lie at the 
middle of the band gap, indicating that there are equal concentrations of 
holes and electrons due to thermal generation at a particular temperature. 
If a given density Np of donor impurity atoms, for example, is added to 
the crystal, assuming that for the temperature involved all the impurity 
atoms become ionized, there will exist an excess of N = Np electrons 
in the conduction band. Since the allowed density of states in the band 
is Nc, the fraction Np/Nc of these states will be filled, thereby reducing 
the number of states available for occupancy by thermally agitated 
electrons from the valence band. In other words, it is probable that the 
donor electron will fill up the lower energy states in the conduction band, 
making it more difficult for electrons to jump the gap, since they must 
now acquire sufficient energy to fill the higher states. In effect, this 
reduces the concentration of generated electron-hole pairs for that tem- 
perature. Therefore, for constant temperature, as the donor density 
increases, the hole concentration (minority carrier) in the valence band 
will decrease, thereby making the crystal more n type. If the tempera- 
ture is increased, more electron-hole pairs will be generated, but because 
all the donors are ionized (saturation), a point will be reached where the 
thermally generated electron concentration in the conduction band will 
be very much greater than the donor-electron density. For this condi- 
tion, the electron concentration approximately equals the hole concentra- 
tion in the valence band and the erystal becomes intrinsic. Identical 
reasoning may be applied to acceptor impurities, where the semicondue- 
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tor becomes more p type with impurity density and the electron minority- 
carrier concentration decreases with same. There also, the conduction 
approaches intrinsic as temperature is increased. 

Since the Fermi level is a measure of the probability of occupancy of 
the allowed states, it is apparent that it must be adjusted to account for 
the impurity effects. What we have said above was that the presence of 
donor impurities increases the probability of occupancy of the conduc- 
tion states by electrons and decreases the probability of holes occupying 
(he valence state. This means the Fermi level must rise above the mid- 
point of the band gap. For acceptors the opposite effects are obtained 
und the Fermi level falls below the midpoint. These results are shown in 


f Conduction band Conduction band 
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liq, 8-14. Positions of Fermi level for impurity semiconductors. (a) Intrinsic: 
(b) n type; (c) p type. 


l'ig. 3-14 for each of three possible cases. We may conclude that as the 
crystal becomes more n type, Hy rises closer to the conduction band; as 
(he crystal becomes more p type, Hr falls closer to the valence band. For 
given impurity density of either type, as the temperature increases, the 
l’ermi level will return to the intrinsic position. 

As for the intrinsic case, in order to calculate the carrier concentration 
i an impurity semiconductor for a particular temperature, it is necessary 
(o know both the distribution of states and the position of the Fermi level. 
| was stated that the number of impurity atoms will remove an equal 
number of states from the energy bands and establish them at the impurity 
energy levels Hp and £4. For mostimpurity concentrations encountered, 
Vp» <Ne and Nu «& Ny, so that for all practical purposes the effective 
densities of states in an impurity semiconductor are the same as Nc and 
V\ respectively. Thus, the total electron concentration in the conduc- 


lion band is still 
n = Nce~Be-#r) (kr (3-24) 


and the total hole concentration is 
p= Nye rr Fv) kt (3-25) 
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where Hr may now have any value, depending on temperature and 
impurity density. To determine Ey we must know the number of 
bound donor electrons np, or more specifically, the number of filled states 
at the donor-impurity energy level Ep. We apply Eq. (3-7) and obtain 
Np 

Np = Gent (3-26) 
If Hy = Ep in (3-26), then np = Np/2, which means that half the states 
are occupied or half the donor atoms are ionized. When Er > Ep, then 
Np = Np and none of the excess electrons is free. Likewise, the number 
of holes bound to acceptors is 


Na 


PA = Tp Gr-Ea nt (3-27) 


It is a good assumption that for room temperature (25°C) or above, all 
the donor and acceptor impurities in germanium and silicon are fully 
ionized. 

Equations (3-24) to (3-27) are functions of Hy, the Fermilevel. There- 
fore, we cannot calculate n and p until Ey is known. However, by the 
charge neutrality Eq. (3-22), viz., 


(Nv — mp) — (Na — pa) =n — p 
or n+” —-Nyp=p+pa— Na (38-28) 


we have a single equation for all the quantities involved. Since Ec, Ep, 
E4, Ey, Nv, and N4 are known for a semiconductor, we can substitute 
the correct expressions in (3-28) and solve for Er at some temperature 7’. 
Substitution yields 

ahhh Np 
Nce7(Bo-Be kT aE 


— Np 
Na 


= —(Ep—Ey)/kT a 
Nye + 1 + ¢(@r-EO TT 


— Na (8-29) 
Once Eq. (3-29) is solved for Hf, (3-24) and (3-25) are used to determine 
mand p. The manner in which £, varies with temperature and impurity 
density for germanium is plotted in Fig. 3-15. The impurity band gap is 
given as 0.01 ev, although it is not shown to scale. Silicon would behave 
in a similar manner except that the band-gap values would be larger. 

For Np = 10% cm-*, at the very low temperatures near absolute Zer0, 
the donor states are mostly bound and the number of carriers due to 
thermal activation is very small. This is the bound range and I» lies 
very close to Ep. As the temperature is increased above 100°K, all the 


* This is a transcendental function which is difficult to solve. Shockley presents an 
excellent graphical method of solving Hq. (3-29) for By. See page 465 of Ref. 4 at the 
end of this chapter. 
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donors become ionized and the Fermi level falls to account for the 
increasing number of electrons being excited into the conduction band. 
Approximately 100 to 400°K would be the saturation range. At 500°K 
or above, the hole concentration approaches the total electron concentra- 
tion and the conduction range becomes intrinsic. An identical, but 
oppositely symmetrical, Fermi-level dependence is shown by the dashed 
curve for an equal density of acceptor atoms, N4 = 10" cm-'. If the 
impurity density were increased to 101’, the curve would appear as shown 
in Fig. 3-15. For room temperature 300°K, the Fermi level is higher 
<™ 
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Fig. 3-15. Fermi-level dependence with temperature in germanium. 

















(more n type) for the increased-density case, since a greater proportion of 
the available conduction-band states are filled. F urther, the intrinsic 
range is reached at higher temperatures, since greater hole densities are 
required. 

3-13. Minority-carrier Concentration. A graphical method similar to 
that of Fig. 3-8 may be used to illustrate the effect of impurities on the 
[ree carrier concentrations in a semiconductor. In F ig. 3-16 is shown the 
xraphical computation for an n-type impurity semiconductor. In Fig. 
4-16a are shown the densities of the allowed energy states Nc(/) and Ny(E) 
in each of the energy bands. Also shown are the energy states for the donor 
impurities in the crystal. Although the figure is not drawn to scale, it 
must be remembered that the density of donor states is very much smaller 
than the density of states in the conduction band. To account for the 
number of electrons contributed to the conduction band by the donor 





60 TRANSISTOR ENGINEERING 


impurities, the Fermi level rises above the middle of the band gap, as 
shown in Fig. 3-16b. As before, the product’ of (a) and (b) yields the 
carrier concentrations shown in (c). In this case, the increased proba- 
bility of occupancy in the conduction band increases the electron con- 
centration there. The hole concentration (minority carriers), however, 
is reduced considerably. Actually, for the function of (b), there exists a 
probability that some electrons will be found at the donor energy levels. 
These are electrons which are not ionized and are bound to the impurity 
atoms. At room temperatures and above, this concentration would be 
practically negligible. 
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Fig. 3-16. Graphic computation of free carrier concentrations. 


As was explained in Sec. 3-12, the same equations used for determining 
the carrier concentrations in the intrinsic case may be used for the 
impurity or extrinsic case. Equations (3-24) and (3-25) are repeated 


low. 
below n = Neer Be-E) kT (3-30) 


= Nye @r-B vik (3-31) 


Note that the position or value of the Fermi level E, is what determines 
the magnitude of n or p. The product np for an impurity semiconductor 
will be, as in the intrinsic case, independent of Fermi level. From Kq. 
(3-15), we have again 

np = NcNye Folk? = nj? (3-32) 


This is an important result, for it enables one to determine the minority- 
carrier concentrations in an impurity semiconductor. For example, 
consider an n-type semiconductor having a concentration of Np donor 
impurities. If complete ionization of the impurities is assumed, there 
would be Np electrons in the conduction band, There would also be a 
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smaller number of electrons due to thermal generation. According to 
fq. (3-32), therefore, 
(n+ Np)p = n? (38-33) 


where n = p, since these are generated pairs. For typical doping levels, 
however, Np > n, and (8-33) may be approximated as 


Nop = n2 n type (38-34) 
In the same manner, 
Nan = n? p type (3-35) 


where N4 corresponds to the concentration of holes in the valence band, 
equal approximately to the acceptor impurity density. In Eqs. (8-34) 
and (38-35), p and nm are the minority-carrier concentrations. It is 
apparent that the minority-carrier concentration will vary inversely with 
the impurity level. As we shall see in later chapters, the minority 
carrier plays an important role in transistor conduction. In Chap. 4, its 
variations with resistivity and temperature will be considered in detail. 


PROBLEMS 


3-1. For perfect impurity-free crystals of germanium and silicon, calculate the 
equilibrium value of the intrinsic carrier concentration n; for a temperature of 127°C. 
Refer to Eq. (3-19) and assume that for the effective masses, m = my = mn, where m 
is the free electron mass. Boltzmann’s constant k equals 8.63 X 107° ev/°K. 

3-2. Show that the thermal equilibrium product np for an impurity semiconductor 
is independent of the Fermi level Hy. Assume that m = mp = mn. 

3-3. n-type samples of germanium and silicon crystals each have a uniform density 
Vp of 10° atoms/cm of antimony. (This is an impurity of about 1 part in 10 mil- 
lion.) For each semiconductor material, determine: 

a, The temperature at which half the donor-impurity atoms are ionized. Assume 
that all the electrons come from the impurity levels, that is, thermal generation from 
the valence band is negligible. What is the Fermi-level energy as measured with 
respect to the valence-band edge Ey = 0? 

b. The temperature in degrees C at which the conduction becomes intrinsic. Use 
(he empirical curves of n; versus 1/7 and define the intrinsic point where ni = 10N p. 

c. Theequilibrium minority-carrier concentration at room temperature (7' = 300°K). 
\ssume that the total electron concentration in the conduction band is equal to the 
donor-impurity density and that the latter are fully ionized. 

3-4, What should the donor-impurity concentration (atoms per cubic centimeter) 
he to completely fill the allowed number of states in the conduction band at room 
(omperature? Assume complete ionization and no thermal generation. 


REFERENCES 


|, Herman, F.: The Electronic Energy Band Structure of Silicon and Germanium, 
Proc. IRE, vol. 48, pp. 1703-1732, December, 1955. 

2. Kittel, C.: “Introduction to Solid State Physics,” p. 273, John Wiley & Sons, 
Inc., New York, 1953, 





62 


TRANSISTOR ENGINEERING 


. Pearson, G. L., and W. H. Brattain: History of Semiconductor Research, Proc. 


IRE, vol. 43, p. 1804, December, 1955. 


. Shockley, W.: “Electrons and Holes in Semiconductors,” chap. 7, D. Van Nostrand 


Company, Inc., Princeton, N.J., 1953. 


. See, for example, Seitz, F.: “The Modern Theory of Solids,” McGraw-Hill Book 


Company, Inc., New York, 1940. 


. Shockley, op. cit., p. 464. ; 
. Morin, F. J., and J. P. Maita: Conductivity and Hall Effect in the Intrinsic Range 


of Germanium, Phys. Rev., vol. 94, pp. 1525-1529, June, 1954. 


. Morin, F. J., and J. P. Maita: Electrical Properties of Silicon Containing Arsenic 


and Boron, Phys. Rev., vol. 96, pp. 28-35, October, 1954. 


. Kittel, op. cit., pp. 277-280. 
. Geballe, T. H., and F. J. Morin: Ionization Energies of Groups III and V Elements 


in Germanium, Phys. Rev., vol. 95, pp. 1085-1086, 1954. 


. Morin, F. J., J. P. Maita, R. G. Shulman, and N. B. Hannay: Impurity Levels in 


Silicon, Phys. Rev., vol. 96, p. 838, 1954. 





4 


Properties of Semiconductor Crystals 





4-1. Introduction. In previous chapters we have shown how energy 
bands give rise to holes and electrons in a semiconductor and how the 
number of these free carriers are related to the impurity content and the 
temperature. In this chapter, we shall qualitatively describe the way 
these carriers move within the crystal under conditions of applied electric 
fields (or voltage), thereby establishing the electrical conduction proper- 
ties of the material. Since current is actually the movement of a total 
amount of charge or carriers per unit time, the study will introduce those 
basic bulk parameters such as mobility, resistivity, diffusion constant, 
and lifetime which affect the current flow in semiconductors. As will be 
seen later, these bulk parameters are essential in determining the char- 
acteristics and performance of any semiconductor device. Therefore, in 
addition to the theory, this chapter will present much of the most recently 
accumulated experimental values and curves for these parameters for 
both germanium and silicon. These curves and dataare basic to transistor 
design; they will be referred to often throughout the text and are to be 
used in all problem calculations. 

4-2. Drift Motion of Carriers. We have seen that electrons and holes 
ure negative and positive charges, respectively, each having a mass on the 
order of the free electron mass m. The concentration of these charge 
carriers, dictated mathematically by the Fermi-level position, is actually 
Statistical or thermal equilibrium result of many random processes 
within the erystal. Because of crystal imperfections such as impurities 
und lattice defects, the electrons, for example, are continually making 
(ransitions from one quantum state to another within the conduction 
band. Simultaneously, electrons are continually making transitional 
jumps back to the valence band, where they recombine with holes. 
However, for thermal equilibrium the rate of generation will be balanced 
by the rate of recombination, yielding the observed net concentrations. 
‘The composite effeet of these random processes is that a random motion 
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is imparted to the carriers, even in the absence of applied fields. The 
ease of motion or mobility of the holes and electrons, however, is limited 
by the occurrence of collisions within the crystal lattice. The effect of 
these collisions on the motion of the carrier is very much like that of a 
viscous medium on a body falling in it. The body will accelerate to a 
finite limiting velocity such that the terminal kinetic energy just equals 
the energy loss of friction in the viscous medium. 

From electrostatics, if a charge q, such as that of the electron, is placed 
in an electric field of & volts/cm, the force acting on the electron is 


F = @& (4-1) 


i i 
, aad (4-2) 


where m is the mass of the electron. For a given electric-field intensity, 
the acceleration would be constant, and the velocity of the electron would 
increase without limit. However, this is not the case, since the electron 
(or hole) will lose energy by collisions within the crystal. Strictly speak- 
ing, the collisions are actually abrupt deflections of the carrier’s path of 
travel owing to localized disruptions of the periodic potential field within 
the crystal. One type of collision process is that of lattice scattering, due 
to the thermal vibrations of the atoms of the crystal lattice. Another 
is impurity scattering, which is due to electrostatic forces acting on the 
carrier from the ionized impurity charges. Other collision mechanisms 
such as scattering between carriers and scattering by lattice defects exist 
but are relatively insignificant in most cases. With the application of an 
electric field, the total effect of the collisions is to limit the velocity of the 
electron to some finite average value such that the free path between 
collisions is traversed in a specific mean free time. This relationship is 
given by 

Up = at (4-3) 


where vp is the average velocity, and ¢ is the mean free time. If Eq. (4-2) 
is substituted in Eq. 4-3, we obtain 


Up = (“) (iy fe: cm/sec (4-4) 


where the quantity in parenthesis is 4, the mobility. The mobility is 
defined as the average carrier velocity per unit electric field, and is 
expressed in units of centimeter? per volt-second. 

The foregoing description of the free carrier dynamics may best be 
understood by referring to Fig. 4-1, where the motion of a single electron 
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is shown.'* In (a), the random motion of the electron in the crystal is 
shown, where the electron takes off in any arbitrary direction after each 
collision. The lengths of the arrows correspond to the mean free paths 
and are drawn equal for simplicity. If an electric field & is applied, the 
component of motion added by the field would be as shown in (0). The 
direction is opposite to that of the field since the negative charge makes 
the force negative. When the motions of (b) are superimposed on (a), the 
field accelerates the electron between collisions, thereby curving the fsa 
free paths in the indicated direction, i 

as in (c). The net effect is to im- 

pose a drift velocity to the electron 

motion. 

The mobility in Eq. (4-4) is re- (a) 
ferred to as the drift mobility, and as 
the equation indicates, the drift 
velocity is linearly related to the <—+—<«—+—+—+—+—+—_~+—. 
mobility and the electric field. Ac- 
tually, this relationship holds only 
for low electric-field intensities. As € ———_> 
the field intensity increases, the elec- 
(rons gain energy and become “hot- 
ler.” This increases their frequency 
of collisions with the lattice. It is 
found? that there is a range of electric Bau dia PE Mock Gkocinkesk 
field over which the drift velocity imposing drift on in he pate ie 
varies as 6%. Under these condi- (a) Random motion of electron between 
lions, the electrons are transferring collisions; (b) motion introduced by 
energy to the acoustical modes of lat- electric field; (c) combination of (a) and 
(ice vibration. As the field reaches See apere amet 
very large values, the drift velocity becomes independent of field and a 
limiting velocity on the order of 7 X 10° cm/sec is reached. In Fig. 4-2 
ure curves summarizing Ryder’s data? on drift velocity as a function of 
electric field for n- and p-type crystals of germanium and silicon. 

4-3. Drift Mobility. It should be apparent that as the number of 
carrier collisions per unit time increases, the drift mobility will decrease. 
l‘urthermore, because u is a function of the carrier mass, the mobility of 
lectrons would be different from that of holes, since the effective masses 
are different from energy considerations. The drift mobilities of the 
carriers are also influenced by the two principal collision mechanisms, 
namely, impurity-atom scattering and lattice-vibration scattering. If 
uy i8 designated as the mobility due to impurities alone, and yz is lattice 
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mobility, it is a fair approximation to write* 
ih gop 1 
SS se (4-5) 
pee 17 


for the total drift mobility. We shall now examine each of these scatter 
mechanisms independently. 
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Fic. 4-2. Drift velocity as a function of electric field. (After E. J. Ryder.) 
The theory of impurity-scattering mobility was investigated by Con- 

well and Weisskopf and their analysis gives the following formula:*° 
8 4/2 «2(kT)* 


a 4-6 
“J rN qm? In (1 + 3xkT?2/e@NP Ca 





where 7’ = temperature, °K 
x = dielectric constant 

Nx = total density of all ionized impurities 

Mer = effective mass of electron or hole 
Thus, the impurity mobility will decrease with increasing impurity 
concentration, but increase with temperature as T%. Physically, as the 
number of charge centers increases, the probability of collision becomes 
greater, making the mobility smaller. Further, as the temperature 
increases, the average velocities (or energies) of the carriers increase, 
making the charge centers less effective, thereby increasing the mobility. 

Lattice-scattering mobility is associated with the collisions of the 

carriers with the vibrating atoms of the crystal lattice, lor vw, the theory 
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shows a temperature dependence as follows: 
Thies Rew) (4-7) 


The reason for the decrease of lattice mobility with temperature is twofold: 

1. Since the mean free path for a given temperature is not a function of 
the carrier’s speed but of its direction, the faster the carriers move due to 
heating the more collisions per unit time will be made, thereby decreasing 
the mobility. 

2. As the temperature increases, the lattice vibrations become more 
vigorous, thereby decreasing the distance between collisions and the 
mobility. 

Actual measurements of drift mobility in high-quality crystals of 
germanium and silicon, where the impurity concentrations were so small 
that only lattice mobility would be predominant, show definite departures 
from the theoretically predicted T-!* law. Recent measurements give 
the following relationships for lattice mobility: 


in = 4.90 X 1077-186 Weeks (4-8) 
up = 1.05 X 1097-280 BetMantum”™ (4-9) 
tin =21X10T* ) (4-10) 
ip = 2.3 X 1097-27 aidoon (4-11) 


where the subscripts » and p refer to mobility for electrons and holes, 
respectively. It suffices to say that the deviations from the theory are 
associated with the effective mass values and certain assumptions made 
concerning the nature of the energy surfaces related to the Brillouin-zone 
theory.® 

The composite effects of both impurity and lattice mobilities are shown 
in the curves of Figs. 4-3 and 4-4. These data were reported by 
Prince, '°"! Backenstoss,!’ and others,'* as obtained from drift-mobility 
measurements of minority carriers in samples of various impurity con- 
centrations. The measurement is based on the technique devised by 
Haynes and Shockley. With voltage applied across the ends of the semi- 
conductor sample, minority carriers are injected at one point and collected 
at another point a distance laway. By knowing the values of 1, V, and the 
drift time for the carriers between the points, the value of drift mobility 
may be calculated. The curves give the values of minority-carrier drift 
mobility as a function of impurity concentration at room temperature for 
germanium and silicon. It is seen that for both germanium and silicon, 
the effects of impurity scattering become predominant at concentrations of 
10° em~* or more. Below this value, lattice scattering controls the 
mobility. Tor neither germanium nor silicon does the drift mobility 
increase appreciably above the values at concentrations of N = 1014 cm7*. 

In the foregoing discussion we have been concerned with the magni- 
tudes of the drift mobilities of minority carriers. Of interest also would 
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Fia. 4-3. Minority carrier drift mobilities in germanium. 
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be the mobility values for the majority carriers in the semiconductor. 
We recall that drift mobility is limited by the total number of charged 
scattering centers that a carrier would experience within the crystal. In 
the lattice-scattering range, where the impurity concentrations are small, 
the majority-carrier mobilities are approximately the same as the minority 
carrier values. This is so because both carriers see almost the same 
number of charge centers. For example, in an n-type crystal, the 
minority holes see Np donors, Na acceptors, and Np — N4 majority 


-type silicon 
wie 
silicon 
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liq. 4-5, Calculated variation of mobility ratio with impurity concentration. 6 values 
calculated from p(N) and p(N) curves. 


carriers, or a total of 2Np scattering centers. The majority electrons, 
however, see only Np donors and Nx acceptors. Thus, for small net 
impurity concentrations in the lattice range, 2Np would approximately 
equal Np + Na. On the other hand, for very-low-resistivity samples 
where Np > Na, the majority electrons see only half as many charge 
centers as the minority carrier, and would therefore have a slightly higher 
mobility inn type. Applying the same reasoning to the p-type case, we 
can conclude that for high impurity concentrations (approximately 
wreater than 10'°), the drift mobility of a carrier is slightly higher when it 
is & majority carrier than when it is a minority carrier. 

Yo estimate the majority-carrier values we make use of the calculated 
ratios b = pa/Mp for n- and p-type crystals of germanium and silicon. 
‘These are given in lig. 4-5 as functions of impurity concentration. The 
coeflicient b is the ratio of the electron mobility to the hole mobility 
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Fig. 4-6. Temperature dependence of mobility in germanium. 
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within a particular type semiconductor. To illustrate the use of these 
curves, we consider a simple example. Suppose we have an n-type 
sample of germanium with N = 2 X 10!° cm~*, and the majority-carrier 
(electron) mobility is required. From the u, curve of Fig. 4-3 we obtain 
Hp = 1,200 cm?*/volt-sec, which is the minority-carrier mobility. Also, 
from the n-type germanium curve of Fig. 4-5 we get b = u,/u, = 2.53. 
Therefore the majority-carrier mobility up, is buy, or 


2.53 X 1,200 = 3,036 em2/volt-sec. 


Note that from Fig. 4-3 the minority-carrier value is 2,750. Thus, the b 
curves are used in conjunction with the minority-carrier values to obtain 
the majority-carrier values. 

The temperature dependence of drift mobility, also of extreme impor- 
tance in semiconductor design, may be obtained by combining the tem- 
perature dependence of Eq. (4-6) with those of Eqs. (4-8) through (4-11), 
using the simple relationship given by Eq. (4-5). Equation (4-5), how- 
ever, is not a very good approximation, and was improved upon." 
With the more complex relationship as a basis, the temperature depend- 
ence of uw was calculated for both germanium and silicon” and the results 
are shown in Figs. 4-6 and 4-7. It should be noted that for low impurity 
concentrations, the mobility decreases considerably as a result of the 
effects of lattice scattering. As the impurity doping increases, however, 
the variation with temperature becomes less and less. These curves, 
which reflect a combination of theory and experiment, are essential to the 
calculation of the temperature behavior of transistor parameters, since 
nearly all parameters can be related to mobility, carrier concentration, 
and lifetime. 

4-4, Current Flow in Semiconductors. Electric current is defined as 
the flow of a total amount of charge per unit time within an electric field. 
From Eq. (4-4), for a constant electric field &, the drift velocity for 
electrons is Vpn = —pn& and for holes is upp = u,y&. The minus sign for 
Vpn arises from the negative charge of the electron and indicates that 
electrons should flow in directions opposite to those of the holes for the 
same field. This is shown in Fig. 4-8, where a voltage V is impressed on a 
semiconductor of length J and cross-sectional area A. By convention the 
direction of electric field is shown to be the same as the current J, viz., 
from plus to minus. It is equal in magnitude to & = V/I volts/cm. 
Since the crystal would contain a density of n electrons/cm', a total 
charge density of —gn coulombs/cm* would drift opposite to the field 


and a charge of +qp coulombs/cm* would drift in the same direction as 
the field. ‘The current density J for electrons would be 
In 


J, = 7 = avon amp/em? (4-12) 
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Fia. 4-7. Temperature dependence of mobility in silicon. 
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and for holes 
I 
= e: = +¢pUd> amp/em? (4-13) 
Since a transfer of negative charge to the right is the same as a transfer of 
positive charge to the left, the total current density would be the sum of 


the components, or 


J =Jn+ Jp = —QNvdn + QP’ (4-14) 

Substituting the correct expressions for vp, and vp, in (4-14), we obtain 
J = —qn(~pn&) + qPpé 

J = Eq(unn + Upp) (4-15) 


Multiplying Eq. (4-15) by A to obtain J, and substituting V// for &, we 
obtain 


1 =A gun + ugp) (4-16) 


This equation gives the total current 
(hat would flow for the impressed 
voltage V. The total current ismade 
up of an electron current and a hole 
current. Application of Ohm’s law 
‘o obtain the resistance in ohms 
changes Eq. (4-16) to 

V l 1 Fia. 4-8. Contributions of carrier drift 
Ta q(unn + ppp) ohms  o total current flow. 





= 





This is of the form R = pl/A where p is the resistivity, expressed in units 
of ohm-centimeter. 
» 1 
q(Hnn + Upp) 
quation (4-17) is important to semiconductors. The greater the con- 
centration of holes and/or electrons due to either impurities or thermal 
generation, and the more mobile they are, the lower the resistivity of 
(he semiconductor. The dependence on impurities, mobility, and 
temperature will be discussed later. 
It should be noted that the reciprocal of resistivity is the conductivity 
0 1/p, expressed in units of mhos per centimeter. Thus, 


p ohm-cm (4-17) 


o = Quan + upp)  mho cm-! (4-18) 


4-5, Resistivity. The formula for the resistivity of a semiconductor is 
given by 
1 


= —— : hm- 4-19 
Quan - Upp) aa ¢ 


p 
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Since p is related to the mobility and the carrier concentration, it would 
be of interest to note the manner in which resistivity behaves as a func- 
tion of temperature. Such a curve is drawn in Fig. 4-9 for a semicon- 
ductor having room-temperature resistivities in the range of 1 to 10 
ohm-em. At very low temperatures near absolute zero, few of the 
impurity atoms are ionized and the resistivity is quite high. As 7 
increases toward 0°C more impurities ionize, thereby decreasing p. In 
this range, the mobility is predominantly due to impurity scattering, 
varying inversely as Ny. Over the temperature range of about 0 to 200°C, 
where all the impurities are fully ionized and the carrier concentration is 
somewhat constant, lattice scattering is usually dominant. Thus, the 

resistivity will increase as the lattice 





ite ~~ _,- Pure sample mobility decreases with tempera- 
5 100 a eee ture. At the higher temperatures, 
E 10 the impurity concentration becomes 
be ; swamped by thermal generation 
$ of carriers and the resistivity de- 
oe Impurity scattering creases considerably. This is the 
“ 0.01 partially ionized intrinsic range for the impurity 
0.00! semiconductor. 
-200 -100 Oo 100 ~§ 200 


The temperature dependence of 
resistivity for a pure semiconductor 
Fig. 4-9. Example of typical tempera- jg also shown in Fig. 4-9. In this 
ture dependence of resistivity in semi- case, since the impurity level i 
baka negligible, the resistivity is princip- 
ally controlled by the lattice mobility. Although the lattice mobility 
decreases with temperature, the effect is overcome by the thermal genera- 
tion of hole-electron pairs. Consequently, the resistivity decreases with 
temperature, or in other words, intrinsic semiconductors are characterized 
by a negative temperature coefficient. This offers another explanation as 
to why semiconductors differ from metals. A metal has a positive temper- 
ature coefficient of resistance. This is because the electron concentration 
does not change with temperature since the bands are overlapping. How- 
ever, since mobility decreases with temperature due to scattering by the 
thermal vibrations of the metal atoms, we observe an increase in resistance 
with temperature for metals. 

It may be recalled that in the intrinsic range the number of electrons 
equals the number of holes and 


i) = Ng (4-20) 
Therefore, Eq. (4-19) can be written, for the intrinsic resistivity, as 


| | 
pe qni(tin + Mp) qMity(1 + b) 


Temperature T, °C 


(4-21) 
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The empirical relationships for 7; as a function of temperature, given in 
Chap. 3, are repeated here for reference: 


Ne = Vp = 1.76 K 10167 %e-0.785/2k7 germanium (4-22) 
Nhs =A/ ip = 8-81 ><. 10s steer silicon (4-23) 


At room temperature (300°K) the intrinsic resistivities determined from 
the above equations are approximately: 


pi = 47 ohm-cm germanium 
pi = 214,000 ohm-cm silicon 


This is striking evidence of the contribution of the larger energy-band gap 
for silicon. In an intrinsic semiconductor, although n = p, the electron 
mobility uw, is greater than the hole mobility y,, and therefore the con- 
duction is n type. 

For impurity semiconductors at normal temperatures, it is a good 
assumption to consider n =~ Np — Na for n-type material and p = 
Na — Np for p type. Since the product np is a constant for a particular 
temperature, the equilibrium minority-carrier concentration for either 
type is very small. For n type, n = Np — N, is greater than p; for 
p type, p = Na — Np is greater than n. The resistivities may therefore 
be approximated as follows: 


1 1 

pn Gun(Np — Na) qbup(Nv — Na) n type 
1 1 

oP LNs) soi Nie NN ee 


These are good assumptions for impurity semiconductors and may be used 
for purposes of calculation at or close to room temperature. 

It should be evident that the total impurity concentration has a 
pronounced effect on the resistivity of a semiconductor because of the 
impurity mobility dependence. It is possible for two semiconductor 
crystals having the same net impurity difference (e.g., Np — Na) to have 
different resistivities. This would occur if the total impurity level 
Np + Na is greater in one case than in the other. From the drift- 
mobility relations we see that » decreases with impurity level, which 
increases the resistivity. Similarly, for a compensated crystal where 
Ny = Na, the resistivity is higher than for the pure intrinsic case, 
providing the impurity density is sufficiently high to lower the mobility. 

On the basis of uncompensated impurity concentrations, one can plot 
resistivity as a function of either donors or acceptors for both germanium 
and silicon using the previous mobility data. This is given in lig. 4-10 
and is probably the most often used curve in transistor design.!°—"8 

4-6. Minority-carrier Concentrations. Although the magnitude of the 
equilibrium minority-carrier concentration may be neglected for most 
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Kia. 4-10. Resistivity as a function of impurity concentration. 
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resistivity calculations, it is important to know how it varies with tem- 
perature and resistivity. As will be seen in subsequent chapters, the 
minority-carrier concentration plays a dominant role in p-n junctions 
and transistors. The terms p, (minority hole concentration in n-type 
material) and n, (minority electron concentration in p-type material) 
appear often in design equations. 
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liq. 4-11. Minority-carrier temperature Fia. 4-12. Minority-carrier temperature 
dependence in germanium. dependence in silicon. 


We have shown in Chap. 3 that, because of the relationship n,? = np, 
we can write, for n-type semiconductors, 
ni 


ct Te 


where Np is the donor-impurity concentration. Similarly, for p-type 
semiconductors, we have 


(4-26) 








n?2 

Mp ~ Wy, (4-27) 
where N, is the acceptor-impurity concentration. Although these 
relationships are approximations, they are nevertheless reasonably 
accurate for impurity concentrations greater than 10 atoms/cm? and for 
temperatures less than 100°C for germanium and 200°C for silicon. 
Therefore, with Nqs. (4-26) and (4-27), the dependence of minority- 
carrier concentrations on temperature is determined simply by considering 
the temperature dependence of ni? (see ligs. 3-9 and 38-10), This is 
shown by the curves of Vigs, 4-11 and 4-12, which yield p, and n, as 
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functions of impurity concentration for different ambient tempera- 
tures. It should be noted that at the higher temperatures, the minority- 
carrier concentrations become practically constant with resistivity. 
This is the condition of intrinsic conduction, wherein thermal generation 
causes the minority-carrier concentration to become comparable in 
magnitude to the majority-carrier concentration. 

4-7. Diffusion Motion of Carriers. In addition to motion by drift in 
an electric field, electrons and holes may move within the semiconductor 
erystal by diffusion in the absence of a field. Consider, for example, a 
low-resistivity n-type crystal where the equilibrium concentration of 
majority carriers (electrons in this case) is large. If, by some means, an 
excess of holes or minority carriers was created within a localized region 
of the crystal, this excess hole concentration would gradually spread out or 
diffuse in all directions. The rate of 
diffusion would be dependent on the 
concentration gradient, the difference 
between the excess minority-carrier 
concentration and the equilibrium con- 
centration within the crystal. This 
diffusion process is analogous to the 
flow of heat in a long rod, where the 
rate of flow is proportional to the tem- 
perature gradient between the ends of 
the rod. 

For semiconductors, excess or nonequilibrium concentrations may be 
created by light, local heatings, etc. For example, light energy will 
create additional hole-electron pairs within the region of incidence. If 
the generated density is small compared to the initial concentration of 
electrons, then the effect of the light would be to alter the hole concentra- 
tion appreciably, since the equilibrium hole concentration in an n-type 
semiconductor would be quite small initially. Nevertheless, electrical 
neutrality is maintained, as both the small hole and electron concentra- 
tions diffuse throughout the crystal. If an electric field is applied to the 
erystal by external means, then a drift motion is superimposed on the 
diffusion.1° This effect is shown one-dimensionally in Fig. 4-13, where 
the holes only are shown having both diffusion and drift motion. Actu- 
ally, the diffusion electrons will drift in the opposite direction, but this 
effect will be negligible compared to the majority-carrier drift currents. 

Although diffusion mechanisms are three-dimensional problems, let us 
consider a one-dimensional case as an illustration. Suppose, for the above 
example, the distribution of the injected hole concentration is given as 
p = p(x). Then it follows that the concentration gradient is given as 
dp/dx. Since the diffusion current density is directly proportional to the 
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Fig. 4-18. Diffusion of holes in an n- 
type semiconductor. 
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eradient, we may immediately write 


JSS eo amps/em? 
dx 
where C isa constant. The sign is negative because the holes diffuse in a 
direction away from where p is increasing. It should be apparent that C 
includes the magnitude of the hole charge g. Thus, 


dp 
Jp = —qDp FT, (4-28) 
where D, is the diffusion constant in units of centimeters? per second. 
‘This applies to holes diffusing in n-type material. Similarly, for electrons 
in one dimension, 
dn 

fe Dr = ~ 

In = +qDn F (4-29) 
where D,, is the diffusion constant for electrons in p-type material. The 
sign becomes plus because of the minus charge of the electron. There- 
fore, if electrons are diffusing in a direction opposite to holes, the total 
diffusion current 1s given as 


. fh tat pha 
J=IntJy=a(Dy a Ds, a2) (4-30) 


More generally, Eq. (4-80) may be written for three-dimensional flows as 


J =IJIn+ Jp = UDnVn — DpVp) (4-31) 


where V (called del) is a vector operator which makes V, equal to is? op 


Op 


0 , . 
j—+tk =. These three components make up a concentration gradient 
Z 


oy 
vector located in any 2, y, 2 space. 

The values for the diffusion constants are directly related to mobility 
hy the Einstein relationship, which is 


D=nh - cm?/sec (4-32) 


where « = mobility 

k = Boltzmann’s constant 

7’ = absolute temperature 
his relationship holds for equilibrium conditions and for small diffusion 
densities. At room temperature (300°K) k7'/q equals 0.026 volts. Asan 
example, for n-type germanium having a hole mobility of 4» = 1,850, the 
corresponding hole diffusion constant would be 0.026 X 1,850 or 


D, = 48 cm?*/sec 
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The temperature dependence of the diffusion constant is readily obtained 
from the temperature variation of » and Eq. (4-32). 

4-8. Lifetime. If no means existed in a semiconductor to return the 
system to thermal equilibrium the injected carriers would diffuse indefi- 
nitely. This unfortunately is not the case, since it is observed that the 
minority carriers eventually recombine with the majority carriers. 
Experimental observations have shown that when a small density of 
carriers is injected, the density decreases with time proportionally as 
ett, When t = 7 the carriers have decayed to 1/e of the original value. 
Thus, 7 is referred to as the lifetime of the carrier and is an inverse measure 
of the recombination rate.* For holes, lifetime is denoted as 7», and for 
electrons as tn. It is defined that the average distance a carrier will 
diffuse before recombining is: 


Ly = V Doty cm holes (4-33) 
TiN AD ath cm electrons (4-34) 


where L is called the diffusion length. These terms will appear often in 
device-design equations. 

If no imperfections other than the group III or group V impurities 
existed in a semiconductor crystal, it would be expected that the lifetime 
would be limited only by the simplest recombination process, wherein the 
electron and hole collide and release a quantum of radiation. It may be 
recalled that this is the inverse of pair generation due to heating. From 
physical reasoning, the rate of recombination should be proportional to the 
product np of the respective concentrations, since the probability of an 
electron recombining is proportional to both the numbers of electrons and 
holes. Let this rate be Rnp. If e is the rate of thermal emission of holes, 
then for thermal equilibrium, the net rate of recombination must be zero, or 


Rnp —e=0 (4-35) 
and e = Rnp = Rn? (4-36) 
If the crystal is intrinsic, i.c., n = p = ni, and a small carrier density 


Ac = Ap = An is injected, then the net rate of recombination for the 
departure from equilibrium would be 





100) = Rin + An)(p + Ap) — Rn (4-37) 
simplifying this result, we obtain 
M00) = R(p + n) de (4-38) 
*+ should not be confused with the mean free time associated with mobilities, since 
a carrier may experience many collisions before it recombines, 
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Since dt is the incremental time during which the excess carriers recom- 
bine, the lifetime 7 from Eq. (4-38) is 


1 


bat R(p + n) (4-39) 
and from Kq. (4-36) we obtain, finally, 
ni? 

"= ep +n) | Sa 


For intrinsic semiconductors (4-40) becomes 7 = n;/2e; for n type 
tp = ni®z/en; for p type rn, = ,2/ep. Values. of the emission rates e at 
300°K as obtained from measurements of the absorption spectra are given 
as 3.5 X 10'%cm-*-see for germanium” and 2 X 10° em~*-sec for silicon. 1® 
With these values substituted in Eq. (4-40), the theoretical room- 
temperature lifetimes listed in Table 4-1 are calculated. 


TaBLE 4-1. CALCULATED ROOM-TEMPERATURE LIFETIMES 











Lifetime 
Carrier concentration 
Ge Si 
IG pin tels eee eet aie Serato 0.39 sec 3.7 sec 
NOS iCtiae onc gets easie 20 msec 0.11 msec 





4-9, Recombination Centers. The theoretical lifetime values calcu- 
lated in the previous section on the basis of the simple, direct reeombina- 
(ion process are actually very much larger than those that are measured 
in germanium and silicon crystals. 


Typical values for germanium may Conduction band = __ 

range from 400 to 2,000 usec, and as aa 

for silicon from 30 to 500 psec. © ~tarmileve” | Recombination center 
Since these lifetimes are consider- £,————~—— ere 

ably lower than the calculated values, ey ———_—__+— 

il is apparent that some other proc- Valence band A 


esses must be responsible for the a 
observed recombination of electrons F1¢. 4-14. Recombination center in a 
and holes. stge sess ne 

According to the theory, it is suggested that certain allowed energy 
slates exist in the region of the forbidden-energy band. ‘These states are 
called recombination centers and are attributed to foreign impurities or 
perhaps structural defects in the crystal. Such a state might appear as 
shown in Vig. 4-14. The action of this center is to capture either a free 
electron from the conduction band or an electron from the valence band, 
loaving a hole behind, Likewise, the filled center may be emptied by 
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capturing a hole or releasing its electron back to the conduction band. 
Recombination occurs when the center captures a free electron and holds 
it until emptied by capturing a hole. Thus, the recombination center 
may be considered as a “stepping stone” in the gap between the bands. 
If the imperfection that creates the centers happens to be a foreign metal 
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Fig. 4-15. Energy levels of impurities in semiconductors. (After E. M. Conwell.) 


such as nickel or copper, the position of the center in the band gap would 
depend on the allowed energy level for the impurity in question. This is 
similar to the situation of the donor and acceptor impurities, except that 
the energy states for most metals are deeper in the band gap. Some 
energy levels for typical impurity centers in germanium and silicon, as 
summarized by Conwell,® are shown in lig. 4-15. Some of the common 
metals of interest here are iron, gold, nickel, and copper. It should be 
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noted from the figure that these impurities may have other levels, as 
indicated by the dashed recombination centers. 

The effect of the recombination centers on the carrier lifetimes is given 
by the Shockley-Read-Hall theory.!*-?! The analysis is based on 
probability considerations employing Fermi-Dirac statistics. It should 
be apparent that the chance of a carrier recombining at a recombination 
center is dependent on several factors, viz., (1) the concentration of 
recombination centers in the crystal, (2) the concentration of the free 
carrier in question, which, of course, is related to the resistivity, (3) the 
capture probability of the centers, and (4) the concentration of centers 
that are normally filled under equilibrium conditions. The last factor is 
dependent on the position of the centers in the band gap with respect to 
the Fermi level, since this would determine the degree of occupancy of the 
centers. These factors may be expressed analytically. Since the net 
rate of recombination is equal to the capture rate less the emission rate, 
it is shown that the lifetime expression is 


_ Tpr(M + Mr) + tar(p + p,) 
N= p 





(4-41) 


The complete derivation of this equation is given in the appendix. The 
analysis has two restrictions in that the center concentration is assumed 
to be small and that the injected carrier density is low. In Eq. (4-41), 
r is the lifetime, m and p are the respective electron and hole concen- 
trations for the particular semiconductor, and n, and p, are the respective 
electron and hole concentrations that would exist if the Fermi level 
coincided with the energy level Ez of the recombination centers. In 
other words, 
= Nee (2c—Er) (kt (4-42) 
Dr = Nye-(Ba—2v) [kT (4-43) 


linally, 7p, and 7», are the limiting lifetimes that would be observed in 
heavily doped crystals, i.e., 7», is the lifetime of holes in highly n-type 
material, and rp, is the lifetime of electrons in highly p-type material. 
soth these lifetimes are limited by the number of centers and are given by 


1 

Tpr = NC, (4-44) 
1 

Tih = NC, (4-45) 


where Nr is the concentration of centers in centimeters—*, and C, and C, 
ure the capture probabilities of the centers for holes and electrons, respec- 
lively, in centimeters’ per second. The capture probabilities differ because 
of differences in the effective mass values for holes and electrons. 
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. An illustration of the Shockley-Read-Hall lifetime formula is given in 
Fig. 4-16 for germanium, where it is assumed that the limiting electron 
lifetime is 100 usec and the hole lifetime is 1 usec. The curve is for the 
case where the recombination centers lie 0.2 ev above the middle of the 
band gap (Hg = 0.72 ev). Experimental lifetime measurements of good 
quality germanium have shown good correlation with this curve. The life- 
time is about 2,500 usec for intrinsic material and decreases with increas- 
ing concentration (decreasing resistivity) in either direction to a level of 
100 usec for p type, and 1 usec for n type. A physical explanation of the 
shape of the curve may be given on a qualitative basis. When the semi- 
conductor is strongly p type, the Fermi level is close to the valence band 


T=300°K 
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n type 





Tnr=lO0 zsec 








Tpr=lwsec 
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Fig. 4-16. Variation of lifetime with impurity content in germanium. (After R. N. 
Hall.) 


and the recombination centers are almost completely empty. Therefore, 
the lifetime is limited wholly by the capture of electrons by the unfilled 
centers. This corresponds to the term r,,. As the crystal becomes less 
p type the Fermi level rises toward the middle of the band gap. For 
this condition, more centers become filled with electrons and the hole 
concentration decreases, thereby increasing the lifetime for electrons. 
The curve attains a maximum at the intrinsic point and begins to decrease 
again in the n-type range. Here, the Iermi level is rising closer to the 
conduction band, and the centers are becoming filled more and more. 
Thus the hole lifetime becomes affected by the hole capture of filled 
centers. For strongly n-type material, the lifetime is limited wholly 
by hole capture by the many filled recombination centers. 

The discussion thus far was for room temperature. However, because 
the electron-hole concentrations will vary with temperature, there would 
be a change in lifetime with temperature. At low temperatures the life- 
times are limited by the plateau values. As the temperature increases, the 
Fermi levels approach the band-gap center, and the lifetimes increase 
accordingly to where the conduction becomes intrinsic. At this point, the 
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hole-electron product (n,”) starts increasing and proportionately enhances 
the recombination rate, thereby decreasing the lifetime. The variation 
of lifetime with temperature may be calculated by factoring in the 
temperature dependence of the appropriate terms in Eq. (4-41). 
Another point of interest on the subject of lifetime concerns the varia- 
tion of lifetime with relative carrier injection density. It will be seen 
that this is an important consideration in interpreting the performance 
of junction transistors operating at high currents. In the discussion 
thus far, the treatment was based on the assumption that the injected 
carrier density was small compared to the free carrier concentration in 
the crystal. According to the Shockley-Read-Hall theory, it can be 
seen from Eq. (4-41) that as n and p become large 7 approaches the sum 
Of Tp, and try. Therefore, under conditions of large injection, the high- 
level lifetime is given as 
IP oh pt hic (4-46) 


lor the germanium example used previously, 7, would be 101 psec. In 
the typical range between the equilibrium and infinite injection levels, 
liq. (4-41) must be modified as follows: 


= Tpr(N “+ Ny = he Ac) ai Tar(p aia Pr == Ac) 
Dap - AG 


where Ac is the injected carrier level. If we define v = Ac/(n + =p) as 
(he injection ratio and 7, as the low- 
level equilibrium lifetime, then (4-47) 
will become 
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Fig. 4-17. Variation of lifetime with 


‘his expression enables us to show the injection level. (After R. N. Hall.) 


variation of the low-to-high-level life- 

lime ratio as a function of injection level. This is shown in Fig. 
|-17 for different values of 7,/r,. Note that for 7/7. = 1, the lifetime 
variation is independent of injection level. This corresponds to heavily 
doped material in the order of 1 ohm-cm. 

The explanation of the effects of recombination centers on lifetime 
xiven in this section was restricted primarily to germanium. The situ- 
ution for silicon is somewhat different in that less is known about the 
impurity recombination centers in silicon. This is attributed mainly 
lo the problem of obtaining silicon crystals that are relatively free of 
structural imperfections and unwanted impurities. Furthermore, the 
lifetime processes in silicon are complicated by the presence of another 
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type of recombination center, called a trap. Traps differ in the respect 
that they can capture carriers but cannot be emptied by capturing 
carriers of opposite type. The trap is emptied only by releasing the 
initial carrier. Trapping effects appear in germanium at temperatures 
of about —80°C, whereas in silicon they occur at room temperature.2224 
The action of a trap in p-type silicon, for example, is to capture an 
electron from the conduction band and hold it for a relatively long period 
of time before releasing it to recombine with a hole at a normal recombi- 
nation center. This results in very long apparent lifetimes which may 
vary from milliseconds to as much as several minutes. At high injection 
levels, the trapping effects are virtually eliminated, since a large number 
of carriers are available to fill the traps. With all the traps filled, only 
the shorter-lifetime recombination mechanisms prevail. 

4-10. Semiconductor Surfaces. It has been fairly well established, 
although not completely understood, that the electrical properties of a 
free semiconductor surface differ from those of the bulk interior. This 
is somewhat to be expected, since the surface represents an abrupt 
boundary for the outermost layer of semiconductor atoms and should 
therefore disrupt the orderly energy distributions in the region. Even if 
the surface were absolutely perfect, that is, completely free of any atomic 
dissymmetry, it would be hard to imagine the absence of any energy dis- 
order. Certainly the orbital electrons of the surface atoms would behave 
differently from those in the interior because of the finite termination. 
From a practical point of view, of course, the surface is not perfect. We 
know, from the chemistry of semiconductors such as germanium and 
silicon, that these elements are very active in air and form oxide layers 
quite readily. Furthermore, it is possible for these layers to absorb 
chemical ions or perhaps water or gas molecules, depending on the kind 
of environment the surface is exposed to. Thus, the chemistry of the 
semiconductor surface itself would clearly justify any differences in 
electrical properties from the bulk. Considerable experimental work on 
semiconductor surface studies has shown this to be the case. It has been 
found that because of these chemical and structural disorders, the carrier 
concentrations and conductivity at the surface may not be the same as in 
the interior. Also, the surface exhibits a recombination rate for carriers 
which may be different from the lifetime of the bulk material. 

Many ideas have been propounded to explain these surface phenomena, 
and it is only lately that any progress has been made toward establishing 
a widely accepted theory. The most recent conclusions, as surveyed by 
Kingston, will be presented here.2* It is generally accepted, from the 
early work of J. Bardeen, that at the surface there exist a number of 
surface energy states having energies that fall within the forbidden band 
gap of the semiconductor.2® These surface states have been categorized 
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into two types, viz., layer states and interface states, each caused by 
different effects. It is believed that the layer states are due to the 
characteristics of the oxide layer and arise from absorbed ions or molecules 
or perhaps chemical imperfections. Experimental evidence has demon- 
strated that the nature of the layer states is sensitive to the ambient 
(moisture, gases, ionic compounds, etc.) which the surface is exposed to. 
The interface states, as originally suggested by Brattain and Bardeen,?® 
are similar in behavior to the recombination centers of the Shockley- 
Read-Hall theory. These states occur at the interface or boundary 
between the semiconductor and the oxide layer. The interface states are 
found to be independent of ambient, but apparently reflect the quality of 
the initial surface treatment before the oxide layer is formed. Thus, 
they would be dependent on the kind 
of chemical or electrolytic etching 
treatment which the semiconductor 
was subjected to. (Etching is an 
important process, basic to transis- 
tor technology, for preparing semi- 
conductor surfaces.) Any etch im- chorga Bulk semiconductor >| 
perfections beneath the oxide layer {Oxide layer 
could cause departures from surface x ; 
uniformity and could drastically Fic. 4-18. Theoretical : energy-band 
bes . picture of an n-type semiconductor at 
change the densities and energies of ine surface. 
the interface surface states. 

Using the existence of the layer and interface states as a basis, we can 
establish a theoretical model of the surface and predict its electrical 
properties. This is shown in Fig. 4-18, using an n-type semiconductor 
for illustration. The interface states are shown as circles and the oxide- 
layer states are designated by squares. A number of layer states greater 
(han the number of interface states is shown, as is believed to be the case 
for properly treated surfaces. Consequently, we can assume that any 
clectric charge observed at the oxide layer is due primarily to the ionic 
charges trapped in the layer states. If the net charge is negative, some 
redistribution of charges is necessary, in order to keep the surface elec- 
(rically neutral. The charge neutrality is achieved by the attraction of 
holes from the semiconductor bulk, as shown in the diagram. However, 
because of the added concentration of holes in the bulk region adjacent to 
the interface, the Fermi level must be adjusted to account for the new 
carrier distribution in the region. It is more appropriate, however, to 
keep the Fermi energy as a constant reference, and therefore the energy 
bands are drawn bent up in Fig. 4-18. Just at the interface, note that 
(he lermi level is closer to the valence band, indicating that the con- 
ductivity of the semiconductor reverses from n type to p type as the 
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surface is approached. The amount the energy bands bend is a function 
of the density and energy distribution of the layer states, which is 
directly affected by the ambient. It is also possible for the bands to bend 
down, becoming more n type, due to the attraction of electrons by positive 
ionic charges. The regions of conductivity reversal are called inversion 
layers, and are illustrated in Fig. 4-19. In later chapters we shall con- 
sider how these inversion layers contribute to surface leakage currents. 

As was indicated earlier, the density of the interface states is usually 
much smaller than that of the layer states, such that it does not con- 
tribute appreciably to the formation of inversion layers. However, it is 
postulated that the interface states have capture probabilities many 
orders of magnitude greater than the layer states. Therefore, any 





Fig. 4-19. Inversion layers in semiconductors. 


observed recombination of carriers at the surface is attributed mainly 
to recombination at the interface centers. Surface recombination is 
expressed in terms of a surface recombination velocity s in centimeters per 
second. This is defined as the number of carriers recombining per second 
per unit surface area divided by the excess concentration over the equi- 
librium value at the surface. The magnitude of s for any surface is shown 
to be dependent upon the same considerations that were applicable in 
determining the bulk lifetime. Thus, the density of the interface states, 
the energy of the states, the capture probabilities, the surface concentra- 
tions of the holes and electrons, and the degree of occupancy of the 
interface states all contribute to the surface recombination velocity. It 
should be apparent that for a given interface state density and energy, s 
would be affected by the nature of the oxide layer, since the latter deter- 
mines the free carrier distribution at the surface due to the band bending. 

We can now state the conclusions for this theory of semiconductor 
surfaces. The density and energy levels of the interface states are 
determined by the method of initial surface treatment and are inde- 
pendent of any ambient effects. The ambient affects the nature of the 
ionic charge in the oxide-layer states, which in turn alters the con- 
ductivity and type of the bulk layer just beneath the surface, The 
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resulting carrier distribution, in conjunction with the nature of the inter- 
face states, determines the surface recombination velocity. 

It will become evident that a high recombination rate s for a semi- 
conductor surface can be harmful to certain aspects of device perform- 
ance, since useful carriers are lost by surface recombination. This effect 
manifests itself in the form of an effective lifetime which may be consid- 
erably lower than the bulk lifetime. For a rectangular crystal having side 
dimensions B and C, Shockley has shown that the surface lifetime r, is 
related to the surface recombination velocity as?? 


t= s(5 +4) s—0 (4-49) 





Ts B 


Note that this expression holds only for small values of s approaching 
zero. Thus we see that for samples of small dimensions and high surface 
recombination velocities, the surface lifetime may be quite small. In 
considering the actual lifetime of a semiconductor, therefore, we cannot 
neglect surface effects, since a number of injected carriers may be recom- 
bining at the surface. The effect of the surface lifetime on the effective 
lifetime is given by 
Btu tags (4-50) 
Teff Ty Ts 
where Ty is the lifetime of the semiconductor interior. This equation is used 
quite often as a basis for determining the surface recombination velocities 
of samples when the other parameters are known by direct measurement. 
Typical values of the surface recombination velocity for properly 
etched germanium surfaces have been found to be as low as 100 cm/sec. 
\ sandblasted surface, on the other hand, may have values of s as high as 
10° cm/sec. In this case, the high recombination rate is associated with 
the high density of interface states generated by the mechanical imper- 
fections of the surface lattice structure. It may be said that the present 
understanding of semiconductor surfaces is based mostly on experimental 
work with germanium. There is good reason to believe that the surface 
behavior of silicon would follow a similar pattern. 


PROBLEMS 
4-1, Calculate the position of the Fermi level in electron-volts for an n-type sample 
of germanium having a resistivity of 2 ohm-cm at room temperature. Assume that 


(he donors are fully ionized and that n = Np — Na. (Hunt: Consider the ratio 
n/n.) 

4-2. Bars are cut from single crystals of intrinsic germanium and silicon to a length 
of 0,125 in. and an area of 0.002 in.2?~ What are the respective resistances at temper- 
atures of 27 and 100°C? 

A.3. A small concentration of minority carriers is injected at one point in a homo- 
goneous semiconductor crystal, They drift to another point 1 cm away in a time of 
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125 usec. If the crystal is 10 cm long and the voltage across it is 100 volts, determine 
the drift mobility for the carriers. 

4-4, A germanium pellet contains a density of 2 x 1014 atoms/cm® of phosphorus. 
What is the resistivity and type at room temperature? What density of gallium 
atoms must be added to obtain a resistivity of 0.6 ohm-cm of opposite type? What 
percentage does the total impurity density constitute? 

4-5. The base region of a p-n-p silicon transistor is 3 ohm-cem, n type, and has a 
thickness of 0.0005 in. What should the lifetime (for holes) in this region be to give 
a diffusion length (for holes) ten times the base thickness at room temperature? 

4-6. Calculate the hole lifetime in microseconds of the 2 ohm-cm n-type germa- 
nium crystal of Prob. 4-1 at room temperature, for the case where the crystal contains 
an additional small concentration of copper recombination centers (Er =0.28 ev). 
Assume that the limiting lifetimes are +>, = 1 wsec and ta, = 100 psec. 
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p-n Junction Theory 





5-1. Introduction. The development thus far is intended to give a 
sufficient understanding of the inherent carrier mechanisms involved in 
semiconductor metals such as germanium and silicon, so that the electrical 
behavior of devices made from these materials may be explained in terms 
of these basic properties. In any semiconductor device, whether it be a 
rectifier or transistor, the simple p-n junction is a fundamental unit the 
understanding of which is prerequisite to the understanding of transistors. 
This chapter will therefore present a complete theoretical analysis of the 
p-n junction in terms of the flow of holes and electrons under applied 
potentials, thus giving rise to the expressions for the voltage-current 
characteristics. Adequate qualitative descriptions will be given through- 
out to render further physical meaning to the mathematics. 

5-2. Potential Representation of Energy Levels. It was shown in 
Chap. 3 that the equilibrium concentrations of carriers in a semiconductor 
are given by the following relationships: 


n = Noce~Ee—Ev) kT n type (5-1) 
Dia Ne {ervey op type (5-2) 
where Nc, Ny = effective densities of states in energy bands 
Ec, Ey = energy values for band edges 
Er = Fermi level 
Also, for the intrinsic case, 
ni = VNcNy c-2al®? (5-3) 


where He corresponds to the band gap energy. Note that in this result 
Ne would equal Ny, since we are disregarding differences in effective 
masses. If Eqs. (5-1) and (5-2) are each divided by (5-3), we obtain 


23 = ¢€—(Ec—Ep—E g/ 2) /kT (5-4) 
ni 
P a @o (Berm By Ba/2) [kT (5-5) 
m 


02 
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Using the valence-band energy as a reference, we set Ey = 0 and Ec = Ka, 
and (5-4) and (5-5) become 


n = neZr-EolDIKT sn type (5-6) 
p = neZel2-ENik? ny type (5-7) 


These results show that the carrier concentrations may now be expressed 
in terms of the deviation of the Fermi level from the middle of the band 
gap, which is the intrinsic position. Itis apparent that when Hy = Eg/2, 
n=p= %. 

Since energy is often expressed in electron-volts or gV, where q is the 
charge of the electron and V is the potential in volts, it becomes desirable 
to express both (5-6) and (5-7) in the same manner. From physical 


p type n type 
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Fie. 5-1. Potential diagram for equilibrium semiconductor. 


reasoning, we may say that the energy necessary to bring an electron 
from the valence band to the conduction band is the same as the work 
necessary to bring a charge q across a potential V equal to the difference 
in “potential” between the energy bands. Thus we may arbitrarily 
assign electrostatic potentials to any of the levels of energy in the energy- 
hand picture. For purposes of analysis, we shall make the following 
definitions: 
Er = —q¢ ev (5-8) 
E,/2 = Er: = —qy ev (5-9) 
where @ and y are electrostatic potentials corresponding to the Fermi 
level and the intrinsic level, respectively. The sign is negative because 
of the negative charge of the electron. Substituting the potential 
representations into (5-6) and (5-7), we get 
NM = nyete—on) kT (5-10) 
p = nyeteo—W kT (5-11) 


The discussion to this point may best be summed up by the composite 
illustration shown in Vig. 5-1, The important result to be gleaned here 
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is that Y may take on any absolute value such as (¥ + V), but ¢ will also 
change accordingly. 

5-3. p-n Junction in Equilibrium. Let us now consider the case where 
a junction is formed by a p-type crystal and an n type such that the two 
regions comprise a homogeneous physical structure, but at the boundary 
there is an abrupt transition from p- to n-type impurity conduction. In 
the p region there exists a large concentration of holes, approximately 
equal to the excess acceptor-impurity density, and the Fermi level lies 
closer to the valence band. In the n region, on the other hand, there is 
a large concentration of electrons, approximately equal to the excess 
donor-impurity density, and the Fermi level lies closer to the conduction 


Hole energy 
Electron energy 






Ss 


Acceptors 
Holes: 


Transition region 


fig. 5-2. Energy diagram for a p-n junction in equilibrium illustrating constant 
Fermi level. 


band. When the two regions are in intimate contact, with no voltages 
externally applied, it is necessary that the Fermi level be constant all the 
way across the junction. If it were not so, the electrons on one side of 
the junction would on the average have higher energy than those on the 
other side, and there would be a transfer of energy until the levels became 
equal. From thermodynamic considerations, Shockley has likened the 
Fermi level to a chemical potential, and has shown that it must be con- 
stant for a system in equilibrium.!* Therefore the energy-band diagram 
for a p-n junction would appear as shown in Fig. 5-2. It is seen that in 
order to maintain the constant Fermi potential ¢ across the junction 
(transition region), there must be the indicated shift in the energy bands. 
In terms of the respective energy scales, both the holes and electrons 
occur in regions of low potential energy. 

For the electrostatic potential y, a definite difference in potential, 
equal to |y, — |, exists across the transition region. This means that 
an electric field must also exist in the region, The fact that an electric 


* References, indicated in the text by superscript figures, are listed at the end of the 
chapter, 
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field exists within a p-n junction at equilibrium may be explained by con- 
sidering what happens initially when the two regions are brought into 
contact, assuming that no potential exists. Before contact, both regions 
are electrically neutral, with the respective ionized impurity densities 
just balanced by the carrier concentrations. In contact, the holes in the 
p region will diffuse across the junction into the n region, where the hole 
concentration is small. Likewise, electrons from the n region will diffuse 
into the p region, where the electron concentration is small. Since the 
impurity ions are fixed in the lattice and are not free to move, as a result 
of the diffusion there will be regions of unneutralized charge density on 
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"ig. 5-3. Charge dipole and electrostatic potential in a p-n junction at equilibrium. 


hoth sides of the junction. This is shown in Fig. 5-3a in the form of a 
charge dipole (darkened lines) which is negative in the p region and posi- 
live in the n region. This charge distribution will establish an opposing 
electric field &, which at equilibrium would just prevent the further 
diffusion of carriers. The equilibrium condition may be regarded as the 
‘low of two equal and opposite currents across the junction, such that the 
net current in the transition region is zero. In this case, one component 
would be due to the diffusion of carriers and the other would be a drift 
component due to the built-in electric field. In Fig. 5-3a, the hole and 
electron concentrations are shown reduced to zero at both sides of the 
charge layer. An analysis of the charge distribution, using Poisson’s 
equation, will be performed later to show that the electrostatic potential 
curve of Tig. 5-3b is obtained. Also, the expression for the capacitance 
of the transition region will be derived. 
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To determine the expression for the equilibrium electrostatic or contact 
potential Vr, we make use of Eqs. (5-10) and (5-11) by taking the 
natural logarithm of each equation and solving. 











[Oe 
= —In— -12 
Viet gine In7 (5-12) 
kT | Pp 
=¢—-—l- 5-13 
Vp g q In nh, ( ) 
kT x 
Then Vr =n — vp = In aie (5-14) 
{n terms of impurity concentrations, the equilibrium contact potential 
becomes naan 
: y ied DNa E 
—— Ir slept! ae SH . 
ce Vr ns (5-15) 





From Eq. (5-15) we see that the con- 
tact potential is maximized for low 
values of resistivity on both sides of the 
junction. In other words, the greater 
the difference between the absolute 
Fermi-level potentials in each region, 
the larger the equilibrium contact 
potential. Theoretically, the maxi- 
mum Vv, attainable would approxi- 
mate the band-gap potential for the 
semiconductor. It should be evident 
that for the same p-n junction re- 
sistivities, the contact potential for 
silicon would be larger than that for 
germanium. 
Fia. 5-4. Dependence of currents with 5-4, p-n Junction with Applied Volt- 
bases 2 Pa Janeen. (a) cs vate age.2 As noted in the equilibrium 
rium (no bias); (6) forward bias; (c) re- ‘ 
verse bias. (After W. Shockley.) case, the net current across the junc- 
tion is zero. This current may be 
regarded as being made up of a component due to the concentration 
gradients of majority carriers across the junction and an equal and 
opposite component due to the minority carriers that diffuse to the 
transition region and drift across because of the built-in field. This is 
shown in Fig. 5-4a, where the vectors indicate the magnitudes of the 
currents (Ir = Ir). It should be emphasized that these currents are 
made up of both hole and electron components. Consider, for example, 
the hole components only. The hole current J», arises from the con- 
centration gradient of holes from the p to n region and corresponds to 








Electrostatic potential ——> 








those holes which have sufficient energy to climb the potential hill (V7) | 
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and enter the n region, where they eventually recombine with electrons. 
Likewise, the equal and opposite hole current Ip, consists of those holes 
in the n region which diffuse to the junction and drift across or slide down 
the potential hill into the p region. If the length of the n region is greater 
than the diffusion length L, for holes in that region, it is apparent that 
only those diffusing holes within a distance L, from the transition region 
reach the junction, since any holes further away than L, recombine with 
electrons before reaching the junction. A similar treatment would apply 
to electrons, for which the potential hill is reversed. 

When a voltage is applied to the p-n junction, the balance of currents 
just described is destroyed. Suppose a positive d-c voltage V, is applied 
to the p region with respect to the nregion. This would have the effect of 
raising the electrostatic potential of the p region, thereby lessening the 
height of the potential hill by the amount V., as shown in Fig. 5-4. 
This lowering of potential would permit many more holes to cross the 
junction from the p region (also electrons from the n region), and the 
concentration-gradient current JZ» would become much larger than 
the equilibrium value. However, the current Zp remains relatively 
unchanged, since the same number of diffusing carriers still find it easy 
to drift across the transition region. It should be obvious that the 
magnitude of I» will be dependent on V,; later we shall derive’ this 
relationship. We call this the case of a p-n junction under forward bias. 

If the applied voltage is reversed, making the n region much more 
positive than the p region, we have the condition of a reverse-biased junc- 
tion as shown in Fig. 5-4c. In this case, the height of the potential 
barrier is raised by an amount V., making it exceedingly difficult for the 
holes in the p region to climb the hill, and the forward current J reduces 
to a very small value as shown. The reverse current Jr, however, 
remains at the same value, since this is dependent only upon those holes in 
the n region which diffuse to the barrier within the distance of a diffusion 
length. Actually, the current J» increases slightly for very small reverse 
potentials of the order of V7, but quickly saturates to a constant value as 
V, becomes large. This is attributed to the initial steepening of the 
potential hill and will be demonstrated later in the analysis. 

On the basis of the qualitative description, it becomes evident that a 
p-n junction can be an excellent rectifying device, i.e., a device which 
passes current in one direction but not in the other. Suppose the p region 
was of very low resistivity (0.01 ohm-cm) such that the electron concen- 
(ration (minority carriers) was negligible and the n region resistivity was 
of the order of 10 ohm-cm, such that p, could not be neglected. Under 
forward-bias conditions, the forward current would consist almost wholly 
of hole flow, since the hole concentration in the p region would be very 
much greater than the electron concentration in the n region. Thus, we 
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would expect very large currents to flow in the forward direction, depend- 

ing on the applied voltage. On the other hand, under reverse or back- 

bias conditions, the current would be proportional to the minority-carrier 

concentrations in the regions. If n, was negligible, as stated, then the 

reverse saturation current Jz would consist only of hole flow from the 

n region and would be proportional to p,. Since p, K p, for the chosen 

resistivities, the reverse current becomes very much smaller than the 

forward current and practically independent of voltage, thus making an 

excellent rectifying device. A typical voltage-current characteristic 

would appear as shown in Fig. 5-5. 

5-5. Carrier Currents and Injec- 

Forward bias: tion Level. When forward orreverse 

voltages are applied to a p-n junc- 

+N, tion, the carrier concentrations in the 

Reverse bias respective regions must depart from 

the equilibrium values in order to 

account for the flow of currents. 

Since the position of the Fermi level is 

Fia. 5-5. Voltage-current characteristic jndieative of the carrier concentra- 

co i Chere TD es a tions, one would expect the Fermi 

levels to change for the nonequilibrium case. Therefore it becomes neces- 

sary to determine the nature of the Fermi levels when voltage is applied to 

the p-n junction, since this enables one to determine the level of carriers 

injected into the respective regions. In particular, the magnitude of the 

minority-carrier injection level at the boundaries of the junction transi- 
tion region is essential to the theoretical analysis of the p-n junction. 

Let us now make some simplifying assumptions regarding our model of 
the p-n junction. Firstly, we assume that the resistances of the p and 
n regions are so low that any voltage applied is completely dropped 
across the transition region. This means that there cannot be any 
electric field outside the transition region. Secondly, we assume that no 
recombination of carriers takes place in the transition region. Thirdly, 
we assume that the minority-carrier diffusion lengths in the p and n 
regions are smaller than the physical thickness of same, so that the carriers 
recombine and establish equilibrium levels before the ends of the regions 
are reached. Finally, we state that the injection level of minority 
carriers is small compared to the majority-carrier concentration. 

With these assumptions in mind, we can establish the flow of carrier 
currents and the nature of the Fermi levels. Figure 5-6 treats the case of 
a forward-biased junction. In Fig. 5-6a, a potential V, is applied to 
the junction, raising both the electrostatic potential y, and the Fermi 
level ¢, by an amount equal to V,. Here the initial Fermi levels, viz., 
, and np, differ in potential by V,, and are therefore joined together by 
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the arbitrary lines as shown in Fig. 5-6a. These become the artificial 
potential functions ¢, and ¢, and are referred to by Shockley as quasi- 
Fermi levels.* They will serve to justify the values of carrier con- 
centrations observed as a function of distance x under nonequilibrium 
conditions. 

That the quasi-Fermi levels would have the shapes shown in Fig. 5-6a 
may be explained by examining the carrier currents in the junction‘ as 
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lia. 5-6. Forward-biased junction. (a) Quasi-Fermi levels; (b) current distributions. 
(Afler R. D, Middlebrook.) 


sketched in Fig. 5-6b. In the p region, at z = z,, the total current J 
equals the hole current J,, since any electrons injected into the p region 
recombine before they reach « = 0 As 2p is approached, 7, decreases 
lightly to account for the recombination of holes with electrons from the 
1 region. However, the hole current at x7, will equal that at xr,, after 
which it will recombine with electrons in the n region and reach zero 
before x,. Since the hole density injected into the n region is small 
compared to the electron density, we may conclude that the majority- 
carrier concentration in the n region remains practically unchanged from 
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ap, to t,. Likewise, from x» to xr» the majority-carrier concentration 
(holes) remains constant. We have seen from Kgs. (5-10) and (5-11) 
that the equilibrium densities n and p are related to (¥ — o,) and 
(¢, — v), respectively. Thus, using the quasi-Fermi levels for non- 
equilibrium, we may write 


N = NyEta—bn kT n region (5-16) 
p = niet or'—vo) kT p region (5-17) 


In order for n and p: to be practically constant in their respective regions, 
as described above, ¢/, and ¢/, must have the shapes shown in Fig. 5-6a. 
Furthermore, since the injected carriers shown in Fig. 5-6b completely 
recombine or decay to the equilibrium concentrations, both ¢) and ¢), 
must change by V, volts back to the equilibrium levels, as shown. Thus 
the quasi-Fermi levels as drawn are explained qualitatively from the 
behavior of the junction currents. It should be noted that the densities 
in the majority-carrier regions for the nonequilibrium case are practically 
the same as the equilibrium values, since in the n region neither y, nor 
on(¢, = ¢%) has shifted in potential, and in the p region ¥, = ¥p + Vo 
and ¢, = dt Vo. 

The same argument will apply to the reverse-biased junction, for 
which the quasi-Fermi levels and current distributions are shown in 
Fig. 5-7. Here again, the majority-carrier densities remain relatively 
undisturbed from the equilibrium values and therefore the quasi-Fermi 
levels are constant in those regions. Within a diffusion length of either 
side of the transition region, however, the quasi-Fermi levels will change 
abruptly to account for the decreased concentration of minority carriers 
in the region. 

We can now make use of the quasi-Fermi-level argument to determine 
the carrier concentrations as a function of voltage at the transition 
region boundaries zr, and 7p. From Eq. (5-16), 


N(Lrn) = Ny = Met Fn) [kT (5-18) 
and P(Lrn) = Neto’ —HlkT (5-19) 


Solving Eq. (5-18) for e~%/*7, we obtain 


ni 


Ee WIkT = Eb n [kT (5-20) 
Substituting Eq. (5-20) into (5-19), 
2 
p(trn) = = EU(by!'—on!) [RT (5-21) 


n 


Since p, = n2/n, and (¢/,— $1) = Vo, the applied potential, (5-21) 
becomes, finally, 
P(trn) = pyedvelbl (5-22) 
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In the same manner, 
N(Trp) = NpetVelk? (5-23) 


These last two equations are of basic importance to p-n junction theory 
and transistors, and simply state that the concentration of injected minority 
carriers at a junction ts directly proportional to the equilibrium minority- 
carrier concentration there and the exponential dependence of applied 
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liq. 5-7. Reverse-biased junction. (a) Quasi-Fermi levels; (6) current distributions. 
(Afler R. D. Middlebrook.) 


vollage. Note that if V,is negative and is of large magnitude compared to 
iT'/q, then qs. (5-22) and (5-23) approximately equal zero. 

5-6. The Continuity and Diffusion Equations. In order to properly 
wnalyze the p-n junction, it is first necessary to formulate the fundamental 
equation which completely describes the behavior of electrons and holes 
in any elemental volume of semiconductor material. This is the so- 
called continuity equation, which deseribes the way carrier concentra- 
lions vary with both time and space. Consider the elemental volume 
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dx dy dz, in which a carrier current is flowing and generation and recom- 
bination are also occurring. For continuity, the time rate of change of 
carriers in the volume must equal the excess of generation (or emission) 
over recombination and also the net flow across the surface. Mathe- 
matically, this is given as 
ac 1/aJ , oJ , ad (5-24) 
3c ret at ae 
where J is the current density in amperes per centimeter’. More 
generally, Eq. (5-24) may be written 
ee Re eae (5-25) 
ot q 
where the V- J term is called the divergence of the current density and 
denotes partial differentiation in each of the three dimensions. ‘ 
To evaluate the (e — R) term, we make use of the lifetime considera- 
tions introduced in Chap. 4. From Eqs. (4-38) and (4-39) we obtain the 
relationship for the net rate of change of the excess carriers, which is 





d(Ac) _ —Aec (5-26) 
dt T 
The minus sign is introduced here to indicate that as the excess carriers 
decay to the equilibrium value, the rate of change decreases. Specifi- 
cally, for electrons Eq. (5-26) becomes 
d(An) _ —An __ —n1+%% (5-27) 
dt sa Tn 





where n, is the equilibrium value. Also, for holes, 


d(Ap) __ —Ap __ —Pp + Pm (5-28) 


dt Tp To 





where p, is the equilibrium value. Equations (5-27) and (5-28) describe 
the net rate of change of the respective carriers. Substituting these 
results into the general continuity equation, we have 








Of 2 Ee ee we Sh (5-29) 
ot Tn qd 
8B ae SBE Loi nada site (5-30) 
ot Tn q 


To evaluate the current density term J we can recall from Chap. 4 that 
currents in semiconductors may consist of both drift (see Sec. 4-4) and 
diffusion (see Sec. 4-7) components. ‘The drift term is dependent on the 
electric field; the diffusion term is dependent on the carrier concentration 
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gradient. Thus we have 


Jn = Qbnn& + qD,Vn (5-31) 
Jp = GUpp& — qD,Vp (5-32) 
On the assumption that & = 0 in our subsequent analysis of the p-n 


junction, we may neglect the drift current and consider only the diffusion 
part of Eqs. (5-31) and (5-32). Therefore Eqs. (5-29) and (5-30) become 


On _ —NT 


a + DnV’n (5-33) 
at Tn 

op = =P oi Pn 2 i 
eens 2 + D,V*p (5-34) 


where, by definition, Vn = V - Vn, the second derivative in three dimen- 
sions. Thus we have the general diffusion equation in three dimensions, 
which, along with the proper boundary condi- 
tions, will be employed in analyzing the behavior 
of p-n junctions and transistors. 

5-7. D-C Voltage-current Analysis. With 
all of the foregoing discussions as foundation, 
we are now in an excellent position to analyze 
the p-n junction mathematically. Only the d-c #!- 5-8. Simple p-n june- 

ae A tion. 

case, giving rise to the voltage-current charac- 

teristic, will be treated here. Furthermore, only the carrier flow in one 
dimension will be considered and the assumptions indicated in See. 5-5 will 
apply. Consider, then, a simple model of a p-n junction of cross-sectional 
area A, where « = 0 at the junction and x = W at the n region end, as 
shown in Fig. 5-8. The voltage V, is applied across the end connections, 
which we will consider to be ohmic nonrectifying contacts. 

It would be appropriate at this point to digress briefly to explain the 
significance of an ohmic contact to a semiconductor. Since we are 
concerned with the rectification properties of the actual p-n junction, we 
would certainly not want to have any rectification occurring at the con- 
nections to the respective regions. The connections should serve merely 
as electrical contacts. This is achieved by intentionally making the 
contacts regions of very high recombination velocities (i.e., low lifetime), 
approaching infinity. Thus, at the ohmic interface we would expect both 
the majority and minority carriers to remain at their equilibrium values. 
Any deviations from equilibrium would be restored by recombination. A 
typical contact of this sort is made by soldering to an abraded semi- 
conductor surface. Another method of making ohmic contacts is to 
introduce a much more heavily doped layer of the same type as the semi- 
conductor. These contacts are nonrectifying junctions and are referred 
(o a8 pp-+ junctions for p type and nn-+ junctions for n type, where the 
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plus sign denotes the heavy doping. The large majority-carrier con- 
centration there will act to keep the carriers at their equilibrium levels. 
Also, in the region of the doped contact, the minority-carrier concentra- 
tions are quite small; therefore the possibility of injecting minority 
carriers is minimized. It will be assumed that for all ensuing discussions 
on p-n junctions and transistors, the end contacts are ohmic and 
noninjecting. 

Now we may return to the problem of the simple p-n junction of Fig. 
5-8. We have seen from the previous sections that for conditions of 
forward bias, a current, consisting of holes into the n region and electrons 
into the p region, will flow in the p-n junction. In order to establish 
analytically the variation of current with voltage, it becomes convenient 
to study the problem in terms of the individual hole and electron flows and 
then combine the two for the final result. We shall consider the hole flow 
first. 

Firstly, we can assume that the holes move principally by diffusion 
through regions free of electric fields, ie., 6 = 0. In other words, the 
resistivities of the p and n regions are low enough so that very little 
voltage drop occurs in these regions, as compared to the drop across the 
junction. Secondly, we assume that most of the current flow is due to 
diffusion in the x direction only. It has been found that a one-dimen- 
sional analysis correlates very well with experimental observations of 
actual rectifiers. Applying these conditions to the general diffusion 
equation for holes, Eq. (5-32), the diffusion equation for one dimension, 
becomes , 

dp _ Pu P °P 
Oh ica + Dy Ty (5-35) 
where 7, = lifetime of holes in n region 
D, = diffusion constant for holes 
Mn = equilibrium minority-carrier concentration 


Yor the steady-state or d-c solution, 4 = 0 and Eq. (5-35) becomes 
dx? Dytp 


Substituting the relationship that D,7, = L,?, the diffusion length, we 
have 


2 pa, 
it ee (5-36) 


CD. “P= Dy 97 
eG Am “-_ 

This is a second-order differential equation whose solution is 
Pp — Pn = Actin +- Bawtl te (5-38) 


To determine the coefficients A and B, we must make use of the boundary 
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conditions. Referring to Fig. 5-8, we can immediately state that 


z=0 Dp = prEevelk? (5-39) 

SAU Be Dy (5-40) 
It should be recalled that Eq. (5-39) was derived from quasi-Fermi-level 
considerations. It defines the concentration of holes that exists on the 
n-region side of the junction for an applied voltage equal to V,. Further, 
since the n region has a specified hole lifetime, we expect the excess holes 
to decay with distance such that at = W the hole concentration equals 
the equilibrium value p,, yielding boundary Eq. (5-40). Because nearly 
all the holes recombine within a distance approximately equal to a 
diffusion length L,, Eq. (5-40) presumes that W is much greater than Ly. 
Substituting the first condition into (5-38), we obtain 


paleo? —1)= A+B (5-41) 
The second boundary condition yields 
0 = AcW!lp + Be-W!E, (5-42) 


Solving Eqs. (5-41) and (5-42) simultaneously and introducing hyperbolic 
functions for the exponential terms, we obtain 


—p,(1 — tVelkl) WIL, 








Bee TES (5-48) 
My Dn es, e@VolkT) ——WILy 
OO Gage OD ea 


Inserting the above expressions into Eq. (5-38) and simplifying, we obtain 


=p, — Pa(l — tlh) 
P= Px ~ 9 sinh (W/L) 


PD = Pa — Dall — et%/*7) 


(€W2)/Ly — ¢—(W—2)|Ly) 


sinh |[(W — x)/L,]| 
sinh (W/Z) 





(5-45) 


Inq. (5-45) gives the concentration of holes as a function of distance in the 
n region. We know that the hole current density 


dp 
J, = —W, ae (5-46) 
We therefore differentiate Eq. (5-45) to obtain 


ap. +7. — M/k?) cosh [(W— x)/L,] 


2 da Ly sinh (W/L,) 
Mvaluating ae at « = 0 to obtain the hole junction current, we get 





(5-47) 


dp _ Pn 


pont eth = ViIkT 
ols. mabe chee m. 


1 
tanh (W/L,) (5-48) 
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Substituting this result in Eq. (5-46) and multiplying by the area A to get 


the total hole current, we obtain, finally, 


_ GAD,Pn VolkT 1 F 
dian! tes Gan (LD oa) 


For the condition that W > L,, we have 
1, = SAD oPs (caver — 1) (5-50) 
ie 
This is the elementary p-n junction equation which describes the current 


due to the hole diffusion only. A completely identical analysis for similar 
boundary conditions in the p region for the electron flow, using 





On _ My — 1 dn 
aes + Dn Te (5-51) 
dn 
and Jn = QD, 7 (5-52) 
would give 
fra so (etVolkT? — 1) (5-53) 


Thus it is seen that Eq. (5-53) is complementary to Eq. (5-50). To get 
the total current J = I, + I,, we combine these equations and we get 


i sg (Ape " we penn (ea¥olkT — 1) (5-54) 


Pp n 





This result is the basic voltage-current relationship for the p-n junction. 
It demonstrates clearly the effect of 






r —_ a Coen impurity concentrations in the semi- 
° Caan ve od i conductor regions, since the diffusion 
3 \ constant, the minority-carrier con- 
8 \\ Pn» equilibrium level centration, and the diffusion length 
z 


SSeS (lifetime) are all related to the im- 
ie purity level. 
“2 »¥—_4 Although the derivation stemmed 
Fig. 5-9. Physical interpretation of the from a simple differential equation 
p-n junction equation in relation to and boundary conditions, it would be 
idealized hole distribution. . 
helpful to see how the same result is 
obtained from another point of view. This second approach will give a 
better physical interpretation of the relation of the p-n junction equation 
to the carrier flow. Let us idealize the carrier concentration as a function 
of distance, as is shown for the junction of Fig. 5-9 by the dashed lines. 
In the p region, the concentration is constant and equal to the equilibrium 
level p,. Just at the n-region side of the junction, the injected hole level 
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is given by pne*”/*7. Now, if we assume that the concentration gradient 
is linear in the n region and that all the holes recombine at a distance equal 
to the diffusion length L,, then 
| EO shlaledtteea 

an - (5-55) 
This is simply the slope of the diffusion concentration gradient drawn in 
the figure. It is negative since the concentration decreases with distance. 
Using this result with the equation for the hole diffusion current 


d 
Ji = —qgAD, - 
and substituting for dp/dz, we get 


re SS (evi? — 1) 
Pp 


which is identical to Eq. (5-50), obtained more formally. The same 
method is applicable to the determination of the electron current. Thus 
we see that recombination of the injected carriers establishes a diffusion 
gradient which in turn yields a flow of current proportional to the slope. 
This is the mechanism basic to carrier diffusion in semiconductor junctions. 

Let us now examine the effect of the potential V, on the junction 
current J in Eq. (5-54). If the junction is reverse-biased, i.e., if Vo is 
negative, then the exponential term «~2"/'T quickly reduces to zero, 


giving 
— _ (GAD ppn , GADiuny 
Ir <2 ( i + Te (5-56) 


n 


where the current is designated Ip, the reverse-saturation current. For 
all practical purposes, we may consider Jz to be constant with voltage 
for V, > 1 volt. Note that this current is primarily a function of the 
minority-carrier concentrations p, and n,, and would therefore decrease 
with decreasing resistivity. If the highest possible reverse resistance is 
desired for a p-n junction, then Iz is reduced by decreasing both the 
junction area A and the p- and n-region resistivities. In practical 
junction designs, the p region is usually very heavily doped so that my is 
negligible compared to p, and the reverse current consists mainly of 
minority hole flow from the n region. Thus, 


= —qAD spn 


Ir for pp < Pn (5-57) 


Pp 
If V, is made positive so that the p-n junction becomes forward-biased, 
the exponential term of Eq. (5-54) rapidly becomes greater than 1, giving 


Tp = Ipes¥sl*? (5-58) 
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where J is the forward junction current. At room temperature: the 
exponent kT'/q equals 0.026 volt. There, V, may be as small as 0.1 volt 
for Eq. (5-58) to hold. Because of the positive exponential dependence 
on voltage, the forward current Jy increases rapidly, yielding a low 
resistance in the forward direction. The conditions are clearly shown in 
Fig. 5-10a and b for reverse- and forward-biased p-n junctions. This is 
for room temperature and it is assumed that Jp equals unity. In the next 
chapter, actual electrical characteristics of p-n junctions will be studied 
in greater detail with respect to the bulk semiconductor parameters. 
Thus far, the discussion in this section has been concerned with the 
case where the diffusion lengths are small compared to the thickness of the 


~<-Vo 2 | 50 
gaa 
| | oH 
sal LL 
Vo 2 10) 
Ol 


+V5—> 
(a) (b) 


Fra. 5-10. Currents in a biased p-n junction. (a) Reverse bias; (6) forward bias. 


base region. However, as will be seen when junction transistors are 
studied, another case of interest is when the inverse is true, i.e., when W 
is much smaller than Ly. This occurs in material with high minority- 
carrier lifetimes in a relatively thin n region. If W < Lp, then 1/tanh 
(W/L,) = L,/W and Eq. (5-49) becomes 


I, = ee (ea¥elkT — 1) (5-59) 


The diffusion length L, has been replaced by the thickness W, making the 
hole diffusion current independent of lifetime. This may be understood 
by referring again to Fig. 5-9. If the condition that W < L, is imposed, 
then all the injected holes will recombine at « = W because of the infinite 
recombination velocity at the ohmic contact there. Therefore, at 
x = W, the hole concentration must equal the equilibrium level p,. 
Consequently, the concentration gradient dp/dx becomes 


d —Dr OVeIET 1 
Bra =P (¢ ae ) (5-60) 





which would yield the same result as Eq. (5-59). 
5-8. Step-junction Capacitance. In Sec. 5-3, where the equilibrium 
p-n junction was discussed, it was stated that in the transition region 
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from p to n type, there exists a charge dipole region or depletion layer 
which was created by the carriers diffusing out of the regions and leaving 
the ionized impurity atoms on either side unneutralized. The distribu- 
tion of the charge density is such that it produces the equilibrium contact 
potential V7 as described. This is 
shown in Fig. 5-11 where the deple- 
tion-layer boundaries are —x,and 2, 
and the step transition is at « = 0, 
but the potential is increased by the 
application of reverse bias V,. The ae 
effect of the total potential V, is to - 
charge the layer by repelling more 
majority carriers away from « = 0 
and exposing more impurity ions on 
both sides. Thus the depletion 
layer widens with voltage, and it is 
apparent that this region behaves 
like a charged capacitance C with a 
dielectric xe, for the material. In 
mks units, €, the permittivity, 
equals 8.85 X 10-14 farad/em. In 
the following analysis of the deple- 
tion-layer thickness and capaci- yg. 5-11. Characteristics of the step- 
tance as a function of voltage it will junction depletion layer. 

be assumed that the conductivities 

of the p and n regions are such that all the applied voltage is dropped across 
the depletion layer. 

The potential V is related to the charge density p by Poisson’s equation, 





x=0 







P(x)=€Np 


(a) 
— Distance x 


Nn region 





Net charge density p 








p(x)=-qNa 


(b) 
> Distance x 
Linear distribution 





I 

| 

I 

11 
Parabolic 7p es 


Electrostatic potential V Electric field € 


ey ets ale 


which in one dimension becomes 





QV —p(z) 
> = Saar (5-61) 


where x is the dielectric constant. From Fig. 5-11, it is seen that the 
charge density p(x) is given as 


p(x) = —qNa —%p<2x<0 (5-62) 
p(x) = +qNnv OSS a, (5-63) 
p(x) = 0 cG< = 25 erste (5-64) 


where Ny and N» are net acceptor and donor impurity concentrations, 
respectively, Substituting Bq. (5-62) and (5-63) into Poisson’s Kq. 
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(5-61), we obtain 











aie pe +qNa . 6 
ee p region (5-65) 
av = qN D : 

a -66 
Tn A n region (5-66) 


Integrating these results twice to obtain first the electric field dV /dx and 
then the potential V, we get 


dV y os 











+A, . (5-67) 
dx p region 
V> = Was es Apt Bits B, —Lp < x < 0 (5-68) 
KE 
ave or co —qN pt -69 
noun Ke aot n region (5-69) 
a 2 
Vis = ie ar Aint cE Joes gt Bt ie (5-70) 


To evaluate the constants A and B in these equations, it is recognized that 
at « = 0, (5-68) must equal (5-70) since the voltage is continuous, and 
therefore B, = B,. Also at x = 0, the electric field must be continuous, 
making (5-67) equal (5-69), and A, = A,. 

Further, at x = —a,and x = 2,, the electric field dV/dz must be zero, 
since it is continuous and exists only within the layer boundaries. Then, 
from (5-67) and (5-69) we have 





KEg KEo 





hth, Ae, Se (5-71) 


From this result we see that 
Nat, = Non (5-72) 


which is an obvious conservation result, stating merely that the total 
negative charge on one side must equal the total positive charge on the 
other side. Introducing the expressions for A, and A, into (5-68) and 
(5-70), we have 


Vix aed A yo 4 INats = Alp 4B (5-73) 
K€o 

2 eae Wo Dn PR (5-74) 
~ QKey 


To obtain the potential difference from —2, to xp, we subtract Vp(—2p) 
from V,(x,), or 


V=V,+ Vr=Vi-V,= 5 (Nptn? + Naxy*) (5-75) 
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Since N4 = No(2n/X>p) from Eq. (5-72), 
ait = &n(an + Xp) (5-76) 


In most good p-n junctions N4 > Np, and therefore x, > x» meaning that 
the charge density in the p region is so great that practically all the layer - 
widening or spreading takes place in the n region. For this approxi- 
mation, letting tm = % + %» = X2, the total depletion-layer width, we 


have, finally, 
2keoV 
Im =A aN cm n type | (5-77) 


2QKegV 
qNa 


Equation (5-77) gives the depletion-layer width as a function of voltage 
and impurity concentration for the case where the n region is the high- 
resistivity side of the junction. For the case of an n-p junction where the 
p region is the high-resistivity side, Np in Eq. (5-77) is replaced by N4 as 
shown by Eq. (5-78). 

In order to obtain the expression for step-junction capacitance, we may 
treat the depletion layer as a parallel-plate capacitance with the charges 
separated a distance x» in a dielectric x, or 





ed cm p type (5-78) 


Cr — farads/em? (5-79) 


where C7 is the capacitance per unit area. Equation (5-79) is the identi- 
cal result that is obtained if we consider the true definition of capacitance, 
viz., dQ/dV, where Q is the junction charge density. If Eqs. (5-77) and 
(5-78) are substituted into (5-79), we have 





Cr = ae farads/em? n type (5-80) 
; qKeoN 4 a 8 
On .= OT farads/cm? p type (5-81) 


Thus we see that for a step junction, the capacitance per unit area 
decreases as the square root of voltage. Further, if the appropriate 
resistivity relationships are substituted for the impurity concentration JN, 
we see that the capacitance also decreases as the square root of resistivity. 
In Vig. 5-12 are graphical plots of Eqs. (5-77) or (5-78) and (5-80) or 
(5-81) as functions of the ratio V/N, where V is the voltage and N is the 
impurity concentration, for both germanium and silicon. The curves 
differ only due to the differences in dielectric constant for the semicon- 
ductors, 
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The expressions for the step-junction capacitances that were just 
presented are for the case of the p-n junction under reverse bias. For this 
condition, the reverse current Zz flowing through the depletion region is 
usually very small and therefore does not disturb the charge distribution 
in the region. On the other hand, when the junction is biased in the 
forward direction, the situation is somewhat different. Firstly, it follows 
from physical reasoning that forward bias would cause the depletion 
layer to narrow, since the forward potential V, reduces the net junction 
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Fic. 5-12. Step-junction depletion-layer width and capacitance as functions of voltage 
and impurity concentration. 


potential from its equilibrium value V7, which is the contact potential. 
Therefore we would expect the capacitance to increase. Secondly, the 
forward bias current Jr flowing through the junction is so large that at 
any instant of time we cannot attribute the observed charge distribution 
to the impurity ions alone, but must attribute it also to the effective 
number of carriers there. Since the charge is increased, the capacitance 
will increase proportionately. The forward-bias transistor capacitance 
may be in the order of two times as great as the capacitance at equi- 
librium alone. Nevertheless, the equilibrium capacitance is determined 
by the relation (capacitance per unit area) 


= JaxeoN a 
sc 2Vr oem 


where V7 is the contact potential given earlier by Bq. (5-15). 
5-9. Graded-junction Capacitance. The model of the step junction 
is most applicable to the case of the pen junction which is fabricated by 
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the alloy technique, wherein one obtains a rather abrupt transition from 
one impurity type to the other. In Chap. 1, however, it was shown that 
many junction structures are formed by the diffusion method. This 
results in what is referred to as a 

graded junction, since the diffused Pua dy 

region establishes a gradual transi- ano 
tion from one impurity type to the 
other. This is illustrated by the 
p-n-junction impurity profiles in 1 
Fig. 5-13. 


Diffused junctions are character- ‘Nec RG ; ; 
ized by several types of impurity —U bh ah 
distributions depending upon the f°) x 
method employed for carrying out 
the diffusion. For the case of diffu- #16. 5-13. Impurity profile and depletion- 
sion from the gaseous vapor where layer characteristics for diffused junctions. 
the surface concentration is always constant, we have an impurity dis- 
tribution governed by the error function, or 


N(a) = N, (: — erf Ta) (5-83) 


where N, = surface concentration 

D = impurity diffusion constant 

t = diffusion time 
lor the case of the diffusion which proceeds from a fixed concentration at 
the surface, we obtain a gaussian impurity distribution given by 


N(x) = Nye-**/40t (5-84) 


In addition to the error-function and gaussian diffusion distribution, one 
may also obtain other variations which result in exponential or ferfe 
profiles. In any event, it is interesting to note that in all cases of dif- 
fused graded junctions one can readily approximate the crossover point 
by an impurity grade which is linear. This is an obvious result since in a 
diffused layer the impurity concentrations decrease rapidly from the 
surface and approach a somewhat shallow, constant slope at the point of: 
transition. 
We shall now study the characteristics of the depletion layer for the 
model of the p-n junction having a linear grade. In Fig. 5-14a is the 
charge distribution that exists when a reverse potential is applied to a 


graded junction in which the impurity concentration is linear through 
« = Q, or 


Diffused junction 
— : (erf, gaussian, exp) 





: x—_ 





N(a) = ax (5-85) 


where a is the grade constant in atoms/em‘, The ionized donors in the 
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n region establish a positive charge which is neutralized by the negative 
charge of the ionized acceptors in the p region. Because of the linear 
grade of the impurities, the net charge density will also be a linear 
function, or 

p(x) = —gax (5-86) 


where g is the electron charge and a is the grade constant. It should be 
evident that for a distance z on either side of z = 0, the areas are equal, 
which indicates that the depletion layer spreads equally in both directions 
for a linear-grade junction. This is in contrast to the step junction in 
which the layer spreads more into the higher-resistivity region. Thus, if 
the total barrier width is z,, the spreading in any one region is %»/2. In 

order to relate the distance am to volt- 





Pa ; age, we begin with Poisson’s equa- 
= m . . . . 

e ae tion for one dimension, viz., 

9 p(x)=—qax 

2 EN | 

2 | a —» Distance xia) ad2V = — p(x) (5 87) 
= x x= 7D = _—— — 

a n region xe eae p region dx KEo 

= 


l 
| Substituting (5-86) into (5-87), we 
| | have 
Parabolic distribution av gas 








(5-88) 


dx? ~—s 





Integrating (5-88), we obtain dV /dz, 
the electric field HE. 


ne er 


ae Be + Ki (5-89) 


Vp 


Integrating again, we obtain the volt- 
age expression. 


Electrostatic potential V Electric field € 


Fig. 5-14. Characteristics of the linear 
graded-junction depletion layer. 


3 
Ve= — 4+ Ki+ Ke (5-90) 


To evaluate the constant K;, we make use of the assumption that all the 
applied voltage is dropped across the depletion region. In other words, 
the electric field is zero outside the junction. Therefore, with the 
boundary conditions that & = 0 at x = %m/2 and at x = —Xm/2 inserted 
into (5-89), K, becomes 








_ = GAkm* 
Ky = Ske, 
we SO a a ea as Se (5-91) 
= ~ Qxe, Ske, 2 2 


Bq. (5-91) represents the way the electric field varies with distance 
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through the depletion layer, and is shown by the parabolic function in 
Fig. 5-14b. Note that the field is maximum at x = 0. 


— atm? 
Skee 





oan volts/cm (5-92) 
The applied voltage V is equal to the potential V, at —a,/2 less the 

potential V, at 2/2. 
V=V,i-— Vp (5-93) 


If Eq. (5-90) is evaluated at the appropriate outer boundaries to obtain 
V, and V, and the results are inserted into (5-93), the constants K; and 
K» cancel out, and we get, finally, 


Ms 
fn = (Z2") (5-94) 
qa 


We see that for a linear-graded junction, the depletion thickness will vary 
as the cube root of the voltage. For the step junction, x» varied as V”. 
lor this same linear geometry, the capacitance per unit area is derived by 
utilizing 





s 
° 


€ 


i 


(5-95) 


8 


™m 


which is the expression for the parallel-plate equivalent capacitance. 
Substituting Eq. (5-94) into (5-95), we obtain, after simplifying, 


2 [M4 M4 
oe ea (7) farads/cm? (5-96) 


Here, too, the capacitance for a linear-grade junction varies as V~%, 
whereas for the step junction it varies as V~”, 

Although the linear grade was established as an approximation for the 
gradient of a diffused junction, actual experimental measurements of the 
variation of capacitance with voltage in diffused junctions indicate that 
at low voltages one observes cube-root dependence.® This indicates that 
the approximation is quite good. As voltage is increased, however, the 
cube-root dependence gradually changes to a square-root dependence and 
the diffused junction starts to behave like a step junction. The range 
between the V-* and V~-” behavior is the most important range of 
interest in device design and was analyzed by Lawrence and Warner.’ 
The results are plotted in Figs. 5-15 to 5-30. All the symbols in these 
design curves are as defined in Fig. 5-13. By entering the curves with 
the appropriate value of V/N xc and 2; (where x; denotes that distance 
from the surface at which the diffused impurity concentration equals the 
background concentration Nyc, one obtains values for the junction 
capacitance, the total depletion-layer thickness 2,,, and the distance the 
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Fig. 5-15. Graded-junction curves for Nge/N, range of 3 X 10-* to 3 X 107. (Afler Fig. 5-17. Graded-junction curves for Npc/N. range of 3 X 10-8 to 3 X 107%. (After 
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Fic. 5-23. Graded-junction curves for Nzc/N» range of 3 X 107° to 3 X 10-5. (After 
H. Lawrence and R. M. Warner, Jr.) 
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Fra. 5-24. Graded-junection curves for Nuo/No range of 8 X 10~° to 3 & 10 6, (After 
H. Lawrence and R, M, Warner, Jr.) 
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iq. 5-25. Graded-junction curves for Ngc/N, range of 3 X 10-7 to 3 K 107%. (After 
H. Lawrence and R. M. Warner, Jr.) 
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Mia. 6-26, Graded-junetion curves for Npo/N, range of 3 X 1077 to3 X 107%. (After 
HM, Lawrence and R, M. Warner, Jr.) 
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Fic. 5-27. Graded-junction curves for Nz¢c/N. range of 3 X 10-8 to3 X 1077. (After 


H. Lawrence and R. M. Warner, Jr.) 
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Ria. 5-28. Graded-junction curves for N go/N orange of 3 X 1078 to 3,X 1077. (After 


H. Lawrence and R. M. Warner, Jr.) 


ta, 5-30, Graded-junction curves for N pe/N» range of 3 X 107° to 3 X 1078, 
‘1, Lawrence and R. M. Warner, Jr.) 
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ia. 5-29. Graded-junction curves for Ngc/N,. range of 3 X 10-° to 3 X 10-8. (After 


H. Lawrence and R. M. Warner, Jr.) 
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depletion layer spreads into the diffused region z;. Further, there is a 
pair of curves for each range of the ratio Ngc/No, where No denotes the 
magnitude of the surface concentration. These curves may be used for 
either error-function or gaussian impurity distributions since the dif- 
ference between the two is extremely small. The reader will note, using 
Fig. 5-15 as an illustrative example, that the curves start out with a slope 
corresponding to cube-root dependence (linear behavior) and gradually 
converge to a slope corresponding to square-root dependence (step 
behavior). 


PROBLEMS 


5-1. A p-n junction is made with a 3-ohm-cm resistivity n-type germanium pellet 
by alloying indium on one face of the pellet such that the p region is formed having 
a net impurity density of 3 X 10'8 acceptors/em*. The area of the junction is 2,500 
mil? and the n-region thickness is 100 mils. The hole lifetime 7, in the n region is 
20 usec. At room temperature determine the following: 


The resistivity of the p region 

The contact potential of the junction at equilibrium 

The reverse saturation current in microamperes for a reverse bias V, = —5 volts 
The forward current in milliamperes for a forward bias V, = +0.25 volt 

. The capacitance at 5 volts reverse bias 

. The reverse voltage necessary to spread the space-charge layer a distance of 
0.001 in. into the n region 


me aa of 


5-2. A silicon p-n junction is made by alloying aluminum into an n-type pellet of 
3-ohm-cm resistivity. The resistivity of the p region is 0.02 ohm-cm. The area is 
2,500 mil2, the n-region thickness is 1 mil, and the hole lifetime in the n region is 
150 sec. Determine the following room-temperature parameters: 


a. The reverse saturation current at —5 volts bias 
b. The equilibrium junction capacitance 


5-3. For a p-n junction at equilibrium, the hole concentration just at the n region 
may be given as 
p = KewWrhkt 


where K is a constant and V7 is the equilibrium contact potential. Using this result 
and the fact that at equilibrium the hole diffusion-current density equals the drift- 
current density such that the net hole-current density is zero, derive the Einstein 


relationship: 
kT 
D=—u 
q 
5-4. For a step junction in which the depletion layers spreading into both sides are 
comparable, show that the junction capacitance is given by 


qxeo NaNpo 


Cr= Nov Na +Nop 


5-5. Antimony is diffused into p-type germanium having © resistivity of 0.18 olime 
om. The surface concentration of antimony is 10! atoma/em" and the diffusion 
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depth is 1.5 ». Determine the capacitance per unit area and the distance the deple- 
tion layer spreads into the diffused region at a reverse voltage of 20 volts. 
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Characteristics of p-n Junctions 





6-1. Introduction. For a typical semiconductor p-n junction where 
the p-region resistivity is very much lower than that of the n region, we 
have seen that the current flow is due primarily to the hole diffusion 
component. In the forward direction, the current consists of the holes 
that are injected as minority carriers into the n region, where they 
recombine in accordance with the effective lifetime. In the reverse 
direction, the current consists of those minority holes in the n region 
within a diffusion length of the junction that diffuse to the depletion layer 
and then get swept across by the electric field. For both cases, we 
assumed that the electron components are negligible. From the theory of 
the previous chapter, the junction current is governed by the basic equation 


i ante (eavikT — J) (6-1) 


with the assumption that the diffusion length of the n region is much 
greater than its thickness W. We see that in the forward direction the 
current increases exponentially with voltage, whereas the reverse current 
rapidly saturates to a constant value. This nonlinear relationship for the 
p-n junction makes it an excellent rectifying device. 

In this chapter, we shall examine the characteristics of p-n junctions as 
rectifiers. Although the principles developed are applicable to rectifier 
design, the intent is to establish an understanding of the electrical 
properties of the p-n junction as an integral part of the transistor. Both 
the reverse and forward directions will be studied in greater detail, and 
comparisons will be made between germanium and silicon. We shall also 
consider limiting conditions of voltage and current in the reverse and 
forward directions, respectively. Lastly, the frequency response of the 
junction to pulses will be studied. 

6-2. Reverse-current Characteristics. From Bq, (6-1), if the volte 
ago V is negative and greater than 0.1 volt, the reverse saturation current 

126 
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of the junction is given by 
_ IADzpn 
1K W (6-2) 


If we normalize Eq. (6-1) by letting Jz equal unity, a plot as a function of 
reverse voltage would appear as shown in Fig. 6-1. The voltage range 
greater than 0.1 volt is referred to as the voltage-saturation range, since 
the current rapidly becomes almost constant with voltage. If I is small, 
on the order of microamperes, it is apparent that the resistance of a 
reverse-biased junction is very large, on the order of megohms. For 
example, if the reverse current measured at 5 volts is 1 ya, the reverse (or 
back) resistance equals 5 megohms. For all practical purposes, in most 
cireuit applications this approaches an open circuit. To evaluate the 
resistance to alternating current, the 

slope of the V-J characteristic must be IA Igz eo/hT_| 
considered. In Fig. 6-1, the slope is 





yracticall i * 38 
I ically zero, corresponding to a % 08 
. . . aa) 
theoretical dynamic resistance of thou- Oa 
sands of megohms. Later it will be 3 
shown that typical ih ren ees Maas 
at typical values are much 
Voltage, Vo 


lower. 
The parameters of Eq. (6-2) tell Fig. 6-1. Normalized reverse V-I 
us what the requirements are to keep Se, 
the reverse saturation current Je small. Firstly, Zp is reduced by making 
the junction area small. Secondly, an increase in the n-region thickness 
W decreases Ip, provided that the lifetime r, increases to maintain the 
ussumption that L, > W. Thirdly, a decrease in the minority hole con- 
centration pn would decrease Ip. In effect, this means lowering the 
resistivity of the n region. In other words, the reverse current increases 
with resistivity. As was studied in Chap. 4, p, is very much lower for 
ilicon than for germanium at the same resistivity. Consequently, other 
(hings being equal, typical reverse currents for germanium would Hee the 
order of microamperes while, for silicon, Jp might be in the order of micro- 
imieroamperes. This infinitesimally small current for silicon is only a 
(\heoretical value. We shall soon see that surface effects and charge- 


generation phenomena bring the value up to the millimicroampere range, 
us is observed experimentally for silicon junctions. 
Actually, Eq. (6-2) must be corrected to take into account the effect of the 


‘preading of the depletion layer with reverse voltage. We saw in the pre- 
vious chapter that the depletion-layer thickness x,, increases as the square 
root to cube root of applied voltage, depending on the nature of the junction. 
If the equilibrium thickness is W,, the effective thickness W is written as 

W = Wy — tm (6-3) 
or W= Wy, — K"/V (6-4) 
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where K is an arbitrary constant. This decrease in W with voltage has 
the effect of increasing Ir accordingly, as shown in Fig. 6-2. Thus the 
V-I curve acquires a finite slope, yielding a considerably lower a-c 
dynamic resistance than that stated earlier. Also, it is seen that its d-c 
resistance decreases with voltage. 

In practical junction devices it is quite difficult to achieve an absolutely 
theoretical reverse-current characteristic. The chief reason for this is 
the dominant role the semiconductor surface plays in contributing to 
excess leakage current. The surface leakage current across the p-n junc- 
tion will appear as an additive component of the bulk reverse current. 
This is understandable if we view the surface as a conduction path in 
parallel with the p-n junction. Thus the total observed current is the 







Finite slope 


Vo 





Fia. 6-2. Effect of depletion layer spreading on the reverse-current characteristic. 


sum of the surface and bulk currents. One of the most formidable 
problems in semiconductor technology is to obtain proper treatment of 
the surface in order to minimize leakage effects. It is known that both 
moisture and ionic contamination on the surface will increase the reverse 
current. However, it is not too clear just what is happening physically. 
Presently it is believed that leakage conduction occurs either as ionic 
current in the oxide film!* or as conduction in the inversion layers dis- 
cussed in Chap. 4. In the case of the latter, the inversion layer might 
appear in the form of a channel, as shown in Fig. 6-3. The channel is 
considered to be an extension of the p region about the n-region surface 
and its properties would be determined by the nature of the surrounding 
ambient. It corresponds to an increase in the effective area of the junc- 
tion and electrically it is an excellent model for explaining the behavior 
of the reverse current. A typical reverse-current characteristic showing 
the effects of surface leakage is also drawn in Fig. 6-3. At high voltages 
the back current may rise appreciably, representing a decrease in resist- 
ance and an increase in reverse power dissipation. As we shall see later 
on, this can limit the useful power rating for transistors. 


* References, indicated in the text by superscript figures, are listed at the end of 
the chapter, 
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6-3. Temperature Dependence of Reverse Current. For a semicon- 
ductor device, whether it be a rectifier or a transistor, it is usual practice 
to base the maximum power rating on the theoretical allowable tempera- 
ture the junction can attain. For germanium this is approximately 125°C 
and for silicon it is about 250°C. Beyond these temperatures, the con- 
duction becomes predominantly intrinsic, and the junction loses its 
rectification properties. More conservative junction-temperature ratings 
used practically are 100 and 200°C for germanium and silicon, respectively. 
These junction temperatures are reached by the combination of the 
electrical power dissipated and the temperature of the surrounding 


Diffusion 


Addition of current 
surface leakage 








Vga 


Ira. 6-3. A p-n junction channel and typical reverse-current characteristic, illustrating 
the effects of surface leakage. 


environment. It should be evident, therefore, that if a device is to be 
operated at high ambient temperature, the power dissipation must be 
decreased to maintain the constant junction-temperature rating. 

lor these reasons, it is important that the reverse power dissipation of a 
junction be as small as possible, since it represents useless power consump- 
tion. Unfortunately, as temperature increases, the reverse current for a 
p-n junction increases too, thereby increasing the power dissipated for a 
fixed voltage V. Neglecting surface effects, we shall now examine the 
manner in which Jz varies with temperature. From Eq. (6-2), it is seen 
that only the diffusion constant D, and the minority-carrier concentration 
p, are temperature-dependent terms. If we make the substitutions 
Dp = (kT /q)up and p, = ni2/Np, we have 


Ak 


Tr = WNop Thpn? (6-5) 
In Chap. 3 we saw that n,;? is proportional to 
ne x [%e—BaolkT (6-6) 


where Neo is the band gap for the semiconductor at 0°K. Equations 
(4-8) and (4-9) indicate that the lattice mobility for germanium varies 
with temperature as 7'-!"° for electrons and 7'~*-* for holes. In order to 
arrive at a single general expression for the temperature variation of Tp 
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for germanium, we let the carrier mobility vary approximately as T~?. 
Therefore, combining all the temperature dependences with Eq. (6-5), 
we get, finally, 
. Ip « T%e—Foolk? germanium (6-7) 
Let us now apply this result to the case of germanium for which 
Eco = 0.785 ev. A normalized plot of Eq. (6-7) is given in Fig. 6-4, 
referenced to a room-temperature value of 27°C. One observes that the 
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Fra. 6-4. Theoretical variation of reverse Fic. 6-5. Typical reverse-current temper- 

current with temperature for a germa- ature dependence for the IN93 germanium 

nium p-n junction. I = KT? €~9100/7 rectifier. (Courtesy of General Electric 
Co.) 


reverse current increases an order of magnitude over a temperature change 
of about 26 to 32°C. Actual measurements of commercial germanium 
rectifiers, such as the curves of Fig. 6-5 for the GE IN93, correlate 
reasonably well with the theory. The reverse currents are measured at 
low voltages close to the saturation value so as to eliminate the effects 
of surface leakage. Generally, at ordinary temperatures the bulk current 
may be swamped by the surface component, which may tend to be some- 
what independent of temperature. However, at the higher temperatures, 
the bulk diffusion current becomes very large, making the leakage current 
negligible by comparison. Thus, the true temperature dependence may be 
obtained by extrapolating down from high-temperature measurements, 
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For silicon, the mobility variation behaves approximately as 7-2-6 and 
Eq. (6-7) must be modified to 


y Me BEES Cee The silicon (6-8) 


However, for silicon p-n junctions at room temperature and higher, this 
current is so extremely small that it does not account for the observed 
reverse currents. In silicon, another mechanism, to be described in the 
next section, predominates. 

6-4. Depletion-layer Charge Generation.2, We recall from the 
explanation of the Shockley-Read-Hall recombination theory discussed 
in Chap. 4 that the lifetime for a semiconductor is determined from 
consideration of the net rate of recombination of the carriers, in other 
words, the net rate of recombination and the total emission or generation. 
In the appendix this is given as 

A np — ni" 


oe Tpr(n a Nr) a Tnr(P a= Pr) 


where and p correspond to the total free carriers. In Eq. (6-9), 
np > n#®, yielding a net rate of recombination. However, when a p-n 
junction is reverse-biased we know that a depletion layer is formed, 
representing a depletion of majority carriers in the region just at the 
junction. Also, the thickness of the layer increases as the square root to 
cube root of the reverse voltage. We would expect, therefore, that in the 
barrier region the net rate of recombination is negative, corresponding to a 
net rate of carrier emission or generation. If we transpose the numerator 
of Eq. (6-9) to account for the reduction of n and p in the barrier region, it 
becomes 





(6-9) 


ne — hp 


Tighe ae Nr) + Tnr(p ah Pr) 


where e is the net rate of generation of carriers. It must be noted that 
although all the majority carriers are exhausted from the depletion region, 
nand p in (6-10) are those minority carriers that diffuse into the deple- 
(ion region from the adjoining p and n regions under conditions of 
upplied reverse bias. In essence, this is the diffusion current considered 
earlier, which flows through the depletion layer. 

Particularly for silicon, where n and p are very small at ordinary 
lemperatures, iq. (6-10) may be approximated as 


e= 





(6-10) 


ok, (6-11) 
e= = 

T prNr + TnrPr 
To recapitulate for a moment, 7», and tp, are the limiting lifetimes 
determined by the density of impurity recombination centers and their 
capture probabilities. Also, n, and p, are defined as the equilibrium con- 
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centrations that would exist if the Fermi level coincided with the energy 
of the centers. To obtain a qualitative indication of the significance of 
(6-11), we may assume, for the sake of illustration, that the recombina- 
tion centers lie at the middle of the band gap. Thus, n, = p, = ni and 
Eq. (6-11) becomes 

e= for Be = - (6-12) 
If the thickness of the depletion layer is xm, the junction area is A, and 
the electron charge is q, Pell has 
shown that the reverse current due to 
charge generation in the depletion 
layer is? 










Ig = KqetmA (6-13) 
000 












Sr where K is a proportionality constant 
a = . . 
iain Ss Ss hich approaches unity for reverse 
a sia ws oo PP y 
SL Es FA eT EP voltages greater than 1 volt. Be- 
BEPe: cause 2» varies as the square root to 
100 KY}+ +--+ —} 4 4 — 1 —+ — cube root of voltage, the charge gen- 
a ES Cece) a 2 PS 3 
Sao See eration current changes accordingly. 


From the foregoing we can now 
conclude that the total reverse cur- 
rent for a p-n junction is the sum of 
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reaps where Jp = bulk diffusion current 
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Fig. 6-6. Theoretical variation of Is = surface leakage 


reverse current with temperature fora Neglecting Js, we can make a com- 
silicon p-n junction (charge genera- parison of germanium with silicon. 
top q eomnpenent., ents, Ex= Eon). Hop germanium, experimental meas- 
T = KT3l2%¢-7020/7, 

urements reveal that at room tem- 
perature and above, Ip is much greater than /¢, so that the diffusion 
current predominates. The charge generation component first becomes 
significant at low temperatures on the order of 200°K or about —73°C. 
On the other hand, for silicon at room temperature and above, Tp is so 
small that the generation current Ig predominates. In fact, the diffusion 
current does not become appreciable until a temperature of about 175°C 
is reached. The denominator of the generation expression, Eq. (6-12), 
would indicate that e may be large for silicon, since the sum of the limiting 
lifetimes (rpr ++ Tnr) may be as low as 0,1 to 1 wsee for most crystals. In 
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germanium, however, (tp, +7nr) might be of the order of 100 usec. 
Therefore, using Eq. (6-12) in (6-13), we see that, for silicon, the tem- 
perature variation of the reverse current is dependent primarily on 7i, 
which is given by Fig. 3-10. A normalized plot of Ir ~ Z¢ as a function 
of temperature, for silicon, is shown in Fig. 6-6. 

6-5. Reverse-voltage Avalanche Breakdown. Thus far, in the dis- 
cussion of the reverse characteristic, no mention has been made of any 
upper limits that may be imposed on the maximum applied voltage. A 
plot of current as a function of voltage for the p-n junction equation 
developed herein would indicate complete saturation with voltage ad 
infinitum. In actual semiconductor junctions, however, this is not the 
case. It is observed that when the reverse voltage reaches some critical 
value, the reverse current increases very rapidly to extremely large values, 
thereby deviating strongly from the saturation condition. This condition 
is referred to as reverse-voltage breakdown. 
A typical example of this is shown in 
lig. 6-7. The breakdown voltage Vz is 
defined as that voltage at which the cur- 
rent increases at almost an infinite rate. 
However, in the small range just before 

, , Breakdown 
\, is reached, it isseen in the figure that — range 
the current commences to increase 
gradually. This is called the multipli- 
cation range. Thus we see that the [F1¢. 6-7. Reverse-voltage break- 
effect of voltage breakdown is to set an per 
upper limit for the maximum reverse voltage that may be applied to a 
p-n junction. It should be noted that in the breakdown range the 
currents may be quite large, since the junction resistance under these 
conditions is somewhat equivalent to a forward-biased junction. 

McKay and McAfee offered the first explanation of reverse-voltage 
breakdown phenomena.* In their theory, they postulated that the 
lreakdown process in a p-n junction was very much like the Townsend 
uvalanche breakdown observed in gases. In a gas, it is known that an 
electron, in the presence of a strong electric field, can acquire sufficient 
energy to ionize a gas atom upon collision. The liberated electron in 
(urn will ionize other atoms, and so on, resulting in a rapid multiplicative 
process leading to a complete avalanche breakdown of the gas. By 
inalogy, the same avalanche process can occur in the space-charge region 
of a reverse-biased junction. As we have seen, a strong electric field 
exists in the space-charge region, since the applied voltage is essentially 
dropped across the thickness a». The field becomes stronger with 
increasing voltage, until a point is reached for which the electrons and 
holes (which comprise the reverse current flowing through the space- 
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charge region) acquire sufficient energy to break additional valence bonds 
upon collision. This results in further generation of electron-hole pairs, 
causing the reverse current to multiply. If the voltage is increased 
further to the threshold value Vz, the process becomes so cumulative that 
an avalanche occurs and the junction “breaks down” completely. It is 
important to note here that breakdown is not a permanent effect and that 
the junction will recover when the voltage is reduced again. The 
collision of a carrier with a valence-bond electron is equivalent to ioniza- 
tion, since an electron is freed, leaving a hole behind. 

The avalanche process in a step p-n junction may be analyzed by 
considering Fig. 6-8. It is assumed here that the n-region resistivity is 
much higher than the p-region resistivity, so that the depletion layer 

spreads mostly into the n region. Also, 

Electric field the reverse current consists mainly of mi- 
zSpace-charge region nority holes p. that diffuse from the n 
re region. If current multiplication occurs 
——= in the space-charge region such that at 
sg any point « the total number of holes 
flowing out is p, McKay has shown‘ that 

the number of holes produced in an in- 


Fie. 6-8. Geometry for calculating : 
remental length dz is 
avalanche breakdown. (After K. cremental length dx 


G. McKay and K. B. McAfee.) dp: = po; dx (6-14) 










p region 






<< O dK -K 


In Eq. (6-14), a; is the ionization rate for holes and dp, is the number of 
holes produced. To obtain the total number of holes produced, we 
integrate Eq. (6-14) over the distance 2, or 


se * dpi = { ite pa; dx (6-15) 


Note that at 2 = —2m, the number of holes produced is zero, whereas at 
x = 0, the number of holes produced is equal to (p — po). Completing 
the integration and simplifying, we have 


1-” = ab ov: de (6-16) 
Pp 0 
If we define the multiplication factor M = p/p, we get, finally, 
1 tm 
1 — U = [ a; dx (6-17) 


Examination of this result indicates that breakdown occurs when M 
approaches » or when the integral equals unity. Equation (6-17) will 
also apply to electron multiplication if we assume that the ionization rate 
is the same for both electrons and holes. The ionization rate a; is not a 
constant but a function of the electric field 6. Experimental plots of 
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a,(&) for both silicon* and germanium’ are given in Fig. 6-9. The curve 
for germanium is an interpolation which holds approximately for either 
holes or electrons. 

In order to evaluate Eq. (6-17) to determine the avalanche-breakdown 
voltage, it is necessary to know the manner in which the electric field 
varies over the distance zm. Equations (5-69) and (5-71) show that, for 
a step p-n junction, the electric field 
across the depletion layer is 
_ dV, _ qNo 


ape a (am — x) (6-18) 














& 








where x, is replaced by 2m, since it is 
assumed that the depletion layer ex- 
tends mostly into the n region. Eq. 
(6-18) is maximum for x = 0, which 
means that the electric field is maxi- 
mum at the junction. 











lonization rate ocj, cm? 





Sy = 2 Fm (6-19) 











Substituting this result into (6-18), we 


vet the desired field function for the © 100 200 300 400 500 600 
P : lectric fi 
p-n junction. Electric field €, kv 7 cm 


Fig. 6-9. Ionization rates for electrons 
s= éw(1 = =) (6-20) and holes in reverse-biased semicon- 
1s ductor junctions. 
Thus we see that the electric field is maximum at « = 0 and decreases 
linearly to zero at x = 2m, as shown in Fig. 5-11b. Differentiating 
(6-20) in order to obtain new integration limits for (6-17), we have 
d& = (&u/2m) dz, or from (6-19), 


KE 





dx = —— d& = 
Bn aN (6-21) 
Inserting this into Eq. (6-17), we get, finally, 

1 K€o &u 

aks amr oy A ai(S) d& (6-22) 

‘hus the avalanche-breakdown voltage is reached at that value of &y at 
which the right-hand side of Eq. (6-22) equals unity or M = ©. The 
actual value of Vz is obtained from the 8 expression which is given by 
((-19). If we substitute the relation for x» as a function of voltage given 
by Iq. (5-77) and solve for Vz, we have 

Va=5 (6-23) 


Eup? 
2qN p 
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where &yz is the critical electric field at breakdown. Since Vz is inversely 
proportional to the impurity concentration, it increases with increasing 
resistivity. The dependence of avalanche breakdown upon resistivity is 
an important transistor design relationship. Using Eqs. (6-22) and 
(6-23) in conjunction with the ionization rates of Fig. 6-9 and integrating 
graphically, one would obtain a curve of Vz as a function of impurity con- 
centration. This is shown in Fig. 6-10 for both germanium? and silicon. 
The silicon curve was calculated from McKay’s data,‘ using the resistivity 
data of Fig. 4-10. If the resistivity of the high-resistivity side of a p-n 
junction is known, the avalanche-breakdown voltage is determined by 


100 


Breakdown voltage Vz, volts 


1o'4 10'5 19'S 10!7 10'8 10'9 
Impurity concentration N, atoms / cm3 





Fra. 6-10. Avalanche breakdown in step p-n junctions. 


obtaining the impurity concentration from Fig. 4-10 and using the result 
to get Vz from Fig. 6-10. It must be emphasized that the data of Vig. 
6-10 is applicable to n- or p-type material. 

In the preceding analysis it was assumed that the ionization rates for 
holes and electrons are the same. This is a good assumption in the 
region close to breakdown. However, Miller has pointed out that in the 
multiplication range for a reverse-biased junction, the values of M will 
differ depending on whether the high-resistivity side is n or p type.®" 
This indicates that the ionization rates are not quite equal. Il'rom 
measurements of M at voltages approaching breakdown, Miller has given 
the following empirical relation: 

1 
M= (tae 
where n has the values of Table 6-1, ‘These empirical relationships are 


(6-24) 
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presented in Fig. 6-11, where M is plotted as a function of the parameter 
V/Vz. Of course when V = Vz, M = «©. The increase of current in 
the multiplication range will be useful in understanding the current-gain 
characteristics of junction transistors. 


TaBLE 6-1. VALUES OF n FOR EQuatTion (6-24) 











Semiconductor n type | p type 
Germanitime sh sarectma < 3 6 
SHIOON Gir na Io ochb ee leee 4 2 


6-6. Avalanche Breakdown in Graded Junctions. From the ava- 
lanche-breakdown theory presented in the previous section for the step 
junction, we saw that voltage breakdown was due to a carrier ionization 


mechanism, governed by the relation 
1 
23 i (V/Vp z > 90¢] ee 


Ww 
ye a s | oi(8) dx (6-25) 

° owen aed | ee 
| silicon | n=4 | n=2 | 









where a;(&) is the carrier ionization 





rate as a function of electric field in 20 
the junction and M is the current 
multiplication factor. Breakdown = '% 
occurs when M = « or when the $ 
value of the integral equals unity. g '° 
For a graded p-n junction, which 2 
is usually formed by a diffusion 3 0.5 
process, the step-junction results are ha 
not applicable. This is attributed 7) Soe R04 LO GeO nO 
to the fact that because of the Voltage ratio V/V 


wraded error-function or gaussian 
impurity distribution, the junction 
can withstand a higher voltage be- 
fore &ypisreached. In other words, for a given applied voltage, the deple- 
\ion-layer thickness of a graded junction would be greater than that of a 
ep junction. A representative profile of a graded junction was given in 
lig. 5-13. The avalanche breakdown for such a structure may be obtained 
hy utilizing Poisson’s equation for the error-function or gaussian charge 
distribution and obtaining the appropriate function for the electric field, 
then using that in conjunction with the carrier ionization rates and Kq. 
(6-25) to obtain the desired result.?. This is a rather complex approach 
and may be considerably simplified by using the linear-grade approxima- 
‘ion for the diffused junction, In this case, the grade constant a for the 


Fie. 6-11. Avalanche multiplication in 
p-n junctions. 
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junction is equal to the slope of the impurity gradient at x = 2; (see Fig. 
5-13). Further, to express a in terms of the surface concentration No, 
the background concentration Nc, and the junction depth 2;, we can use 
an exponential impurity distribution as our model in order to simplify 
the analysis. Differentiating the exponential function and evaluating 
the slope at x = aj, we have 


aN. poy. No 
‘ In pe: (6-26) 





Equation (6-26) is an approximate expression for the grade constant of a 
diffused junction. It remains now to determine how the avalanche 
breakdown varies with the grade constant a, using a linear model as the 
basis for analysis. 

To evaluate Eq. (6-25) for a linear-grade junction, it is necessary to 
express the limits of integration in terms of the electric field &. Modifying 
Eqs. (5-91) and (5-92), we have 


5 = 6x1 - (2) 20 


9 
where = (6-28) 
Ske, 





This is a parabolic function as was shown in Fig. 5-14b. Equation (6-27) 
may be differentiated with respect to 2 and solved for dx. The expres- 
sion for x is obtained by solving (6-27) directly. Finally, the new 
integration limits are obtained by evaluating (6-27) for the electric field 
at « = Oand « = 2,,/2. Substituting these results into (6-25), we have, 
for the linear grade, 





__ tmou(S) 
1- 7 siihe (Ey — 6) d& (6-29) 
From (6-28), we can substitute the terms for x,/&” into (6-29) and we 
have, finally, 
1 _ 1/8ke,\* [ & a;(8) 
; oes l Gu — a 


where a is the junction grade constant. 

Since breakdown occurs when the right-hand side of (6-30) equals unity, 
it is necessary to evaluate the integral term. From Fig. 6-9, which is a 
plot of a(&) for both germanium and silicon, we can fit the following 
approximate empirical relations: 


= 6.25 <x lO0me! germanium (6-31) 
= Gp ol Ooaae silicon (6-32) 


These relations presume that the ionization rates for holes and electrons 
are equal, which is a fair assumption, Inserting (6-31) and (6-32) into 
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(6-30) and performing the integration, we get 





_ 1 1 (808 od = | } 
se | ia 3( Suse)" (6.25 X 10-*4)(0.638847°) = germanium (6-33) 
ih _ ae = 1 Ske, % al 65 x 10-24) (0 7398 5.5) +P 6 34 

M = 2\ qa ‘ 396M silicon (6-34) 


If these equations are set equal to unity, 4, becomes the maximum electric 
field in the junction at the breakdown voltage Vz. 6s may be expressed 
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Fig. 6-12. Avalanche breakdown in graded p-n junctions. 


in terms of Vz, using Eqs. (6-28) and (5-94). 


— (994 \" y 
Sus = (a) Ve (6-35) 
By substituting (6-35) into (6-33) and (6-34), solving for Vz, and evaluat- 
ing all the constants for both germanium and silicon, we obtain the 
desired result, namely, 


Vito OIG 10%ag 989° germanium (6-36) 
Veni ATL X10 8a 384 silicon (6-37) 


where V» is the avalanche-breakdown voltage in volts and a is the grade 
constant in atoms per centimeter’. These results are plotted in lig. 6-12. 
Ii is seen that as a becomes larger corresponding to a steeper grade, the 
breakdown voltage decreases. In summary, Fig. 6-12 is used in con- 
junction with Iq. (6-26) to determine the avalanche-breakdown voltage 
for a graded junction, 
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6-7. Forward-current Characteristics. We may now focus our atten- 
tion on the forward-current characteristic of the p-n junction. In 
Eq. (6-1), when the impressed voltage V is positive and greater than 0.1 
volt, the exponential term becomes large compared to unity, and the 
forward current Ig is expressed as 


i oe eWVIkT (6-38) 
or Ip = Iges¥!*? (6-39) 


It is evident that the exponential factor increases very rapidly for small 
values of V, since kT'/q equals 0.026 volts at room 
temperature, 300°K. Consequently, large cur- 
rents will flow for relatively small values of volt- 
age, corresponding to a very low junction resist- 
ance in the forward direction. A plot of e?”/*7 as 
a function of V is given in Fig. 6-13 to illustrate 
the degree of variation. For example, if Jz is 
approximately 1 wa and V = 0.3 volt, the for- 
ward current is about 100 ma, corresponding to 
a resistance of 30hms. Because of the exponen- 
tial dependence, the forward resistance will de- 
crease quite rapidly with applied voltage. 

A comparison of germanium with silicon will 
best illustrate the voltage-current characteristic 






































Exp (qv/kT) or exp (qv/2kT) 
































‘es ee hei 08 | of the forward-biased junction. In Eq. (6-38), 


if we make the substitution p, = ni?/Np, then 


Fic. 6-13. Low-level and 
high-level injection factors gAD 
for junction rectifiers at Ip = wn, e” “as (6-40) 
300°K. (After J. S. Saby.) ' 
In Chap. 3 we saw that n;? is proportional to 


«Folk? where Eg is the band gap. If we assume that D, is the same for 
both germanium and silicon and that the other parameters are equal, then 


Ip = Ke-Bolkt aver (6-41) 


Since Eg is the band-gap energy expressed in electron-volts, it may also be 
written as qVe, where Vg is the band-gap potential in volts. Therefore 
the forward-current expression becomes 


Ip = Ket¥-Vorkr (6-42) 


At room temperature (300°K), Ve for germanium is 0.72 volt and for 
silicon Ve is 1.1 volts. These differences in band gap clearly point out the 
differences in the forward characteristics between germanium and silicon. 
Other things being the same, for equal forward currents the voltage across 
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a silicon p-n junction will be about 0.38 volt greater than that for an 
equivalent germanium junction. If we take into consideration the fact 
that D, is somewhat lower for silicon than for germanium, the voltage 
difference may be as much as 0.4 volt. Figure 6-14 shows a normalized 
plot of the forward-current chaiacteristic for both germanium and 
silicon p-n junctions, illustrating the dependence on band-gap potential. 
This result is easy to understand when it is realized that for the same 
impurity concentration in the n region, the minority hole concentration is 
considerably smaller for silicon than for germanium. Therefore it takes 
a larger voltage for silicon to inject the 
same amount of current as germanium. 
For certain applications, this property 
of silicon has decided advantages, par- 
ticularly in computer switching appli- 
cations where it may be necessary to 
have one transistor turn off several 
other transistors. 

The temperature dependence of the 
forward-current characteristic is also 
of interest here. We see from Eq. Fie. 6-14. Effect of band-gap potential 
(6-7) that the reverse saturation cur- on the forward-current characteristic. 
rent varied as 7'e-¥¢/*T, where Iz consisted mainly of the diffusion current 
for germanium. Since charge generation would not occur for conditions 
of forward bias, the temperature relationship given by Eq. (6-8) should 
hold for silicon. Substituting into Eq. (6-39), we obtain 
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Tp x [2-0—V—-Vopike germanium (6-43) 
Dy cc Ti tee\V—Vovibt silicon (6-44) 


where Ee = qVc. The important conclusion to be noted here is that for 
any given value of forward voltage (less than the band-gap potential Va), 
the forward current will increase with increasing temperature. In other 
words, the d-c resistance of a forward-biased p-n junction decreases with 
temperature. 

6-8. High Forward-current Effects. As was indicated in Chap. 5, the 
analysis of the p-n junction is based on the assumption that the density of 
holes injected into the n region is small comyared to the density of 
cleetrons (majority carriers) in that region. For this condition, there is 
negligible disturbance of the charge neutrality in the n region, such that 
the holes move only by diffusion towards the ohmic contact. In other 
words, all of the applied voltage is dropped across the junction such that 
(here are no voltage drops in the adjacent p or n regions. This means 
that the injected holes in the n region cannot move by drift effects, since 
the electric field is zero there. Therefore, in the forward direction, the 
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p-n junction equation holds only for small forward currents, where the 
injected hole density pre?”/*? is small compared with the electron con- 
centration n = Np. At high forward currents this assumption is no 
longer valid and Eq. (6-1) is not applicable. As will be seen in this 
section, the correct expression is obtained if we consider that at high 
currents the voltage drop in the n region becomes comparable with the 
junction drop such that it reduces the effective applied voltage. This 
effect manifests itself in the form of a simple resistance that appears in 
series with the junction at high currents. 

Let us now examine in detail exactly what happens when the injected 
hole concentration becomes large. Again we shall use the model where 


p region n region 
xs} 
t 8 
c = 9 gaMi/tT 
8 gaa tale 
So 2 ey 
£ (3 n=O, Ph 
3S 6 3 
Q = dp(x) _ dn(x) 
3) 5 n= No dx dx 
bie 7 
Ss 
is 
fo] 
° P, 
x=0 x2 W 
Distance —> 


Fia. 6-15. High forward-current effects in a p-n junction. 


Pn >> pp, making the electron current injected into the p region negligible 
by comparison. Also, we shall consider the case where the hole lifetime is 
sufficiently large to make L, much larger than the n-region thickness W. 
These conditions are illustrated in Fig. 6-15. At the ohmic contact 
(« = W) the carrier concentrations are at their equilibrium values, since 
the recombination rate is presumed to be infinite. Thus, the hole con- 
centration equals p, and the majority-electron concentration equals the 
net donor density Np. If the injected hole concentration at « = 0 is p, 
then the concentration as a function of distance is given by the line p(x). 
Since we are neglecting recombination in the n region, p(x) is a straight 
line, and diffusion of the holes is proportional to the slope. However, 
when p becomes appreciably large, there is no longer any charge neu- 
trality in the vicinity of « = 0. In order that charge neutrality be 
maintained, the electron concentration in the n region must have the same 
concentration gradient as the holes. This is shown in Fig. 6-15 by n(x), 
for which the slope is equal to that of p(x). In addition to the hole 
diffusion current, the electron-concentration gradient will try to establish 
electron diffusion in the same direction. However, as soon as the 
electrons try to move away, charge neutrality is violated and an electric 
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field § is created which acts to keep the electrons in place against their 
concentration gradient. Thus the net electron current is zero, since the 
electric field acts to generate an electron drift current which is equal and 
opposite to the electron diffusion current. The essential point, however, 
is that the electric field is also in a direction which aids the flow of holes 
to the ohmic contact. Since the field arises from a gradient similar to 
that of the holes, the net effect is to double the hole diffusion current. 
Finally, the existence of an electric field in the n region requires that there 
be a voltage drop also. 

From Eqs. (5-31) and (5-32) we see that the total one-dimensional 
current-density flow in a semiconductor is given by 


dp 


Jp = (Upp& — qDp a (6-45) 
Jn = qunn& + qDn = (6-46) 


These are equations which represent the combined drift and diffusion 
currents in one dimension for holes and electrons, respectively. From 
the assumptions of the foregoing paragraph we can immediately write 
that 

dp _ dn 

2 oes (6-47 ) 
and that J,, the electron current density, equals zero. Making these 
substitutions into Eq. (6-46) and solving for the field, we obtain 


_ —Dnldp 





& nae (6-48) 
: ; : ; kT 
‘rom the Einstein relationship D = oe p, (6-48) becomes 
_ —kT 1dp 


if we insert this result into Eq. (6-45), the hole current density becomes 
—kT 1d dp 


Jp = UWP ar nS te D7, (6-50) 
Since (k7'/q)"» equals D,, (6-50) becomes 
= —¢p, P . 
Jp = —qDy (: ra °) (6-51) 
in the limit, at high forward currents, p = n, and 
ad 
Jp = —q2D, = (6-52) 
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This is the high forward hole current density, which is seen to be twice the 
low-level value. In other words, we may say that for high-level injection 
in a p-n junction, the diffusion constant doubles in the limit. To obtain 
the actual current J,, the derivative in (6-52) must be evaluated. From 
Fig. 6-15, if the injected concentration p is pnei”i!*? at « = 0 and then 
drops linearly to p, at x = W, the slope becomes 


d — pn 
- = i (eaVilkT — 1) (6-53) 


Insertion of this result into (6-52) and multiplication by the junction area 
A give the current expression. 


ree qA2D5pn 
a eS gi 


(e2Vi/k? — 1) (6-54) 
It should be noted that in Eq. (6-54), V; is not the total applied voltage 
V., but only the voltage drop across the junction. Therefore, Eq. 
(6-54) is not the true high-level V-J equation, as we have not as yet taken 
into account the series potential drop V, in the n region.’ Considering 
that 

V.=V;+V; (6-55) 
we must now evaluate V,. At high levels, since the hole and electron 
concentrations and the gradients are equal, we can write 





—kT 1dn 
&= oe ea (6-56) 
Ww = Nn 
Therefore V,= [ &dz = mb os (6-57) 
0 qd n n 
Lea 
or Va = 7a In Tn (6-58) 
Since n = p and n, = n,2/pn, (6-58) becomes 
kT) PPn 
.= car In ne (6-59) 
Also, p = pnre?¥i!*?; taking the natural logarithm, we have 
wht gad Oey eee 
V; = q [in (2) + tm | (6-60) 
kh? Dr\* 
Letting V, = V, — V; and rearranging terms, we have, finally, 
_ Vo _ kT, Dn 
V; = 7. a ow (6-62) 


This result gives the junction voltage in terms of the applied voltage V, 
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and the minority-carrier concentration p, in the n region. If (6-62) is 
substituted for V; in Eq. (6-54), we have 


_ GA2D,p 
iy Ww 


72 (€9¥0/2kT—In(Pnini) — ]) (6-63) 


or more directly 


by aol BT (6-64) 


x gA2D yn; 
aia al 
The —1 term was dropped because it is negligible compared to the 
exponential for forward-bias conditions. 

Thus, Eq. (6-64) describes the V-I characteristic of a p-n junction for 
the high-level case. Comparison of this result with the low-level case 
given by Kq. (6-38) shows several differ- 
ences. Firstly, the current becomes 
proportional to twice the diffusion con- 
stant, as stated earlier. Secondly, the 
high-level current becomes independent 
of resistivity and simply a function of n;, 
which is constant for a particular semi- 
conductor. Thirdly and most impor- 
tant, the magnitude of the exponent is | 
reduced by a factor of 2. Ona semilog 
plot of current with forward voltage, we 
would therefore expect a two-to-one 
change in slope. This is shown in Fig. 
(-16, which represents a typical over-all forward characteristic. At 
low current levels, the slope is q/kT as given by Eq. (6-38). As the 
current increases, the slope goes through a gradual transition range. This 
is the range where the injected hole concentration is becoming com- 
parable to the majority-carrier concentration n,. It should be apparent 
that the transition range would be dependent upon the resistivity of the 
n region. Since resistivity decreases as n, increases, we would expect the 
(ransition range to occur at higher voltages as resistivity decreases. 
l’inally, in the high-level range the slope becomes g/2kT as indicated by 
iq. (6-64). The magnitude of the parameter ¢?”/?*? is also plotted in 
lig. 6-18. Experimental measurements of actual germanium and silicon 
rectifiers have shown excellent agreement with the high-level theory 
presented here.*: 

6-9. Minority-carrier Storage in p-n Junctions. Solutions for for- 
ward and reverse V-I characteristics of the p-n junction that have been 
obtained so far are for steady-state d-c conditions and therefore do not 
deseribe the transient behavior of the junction in response to pulses. 
The pulse response of the junction is a very important consideration if we 
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Fig. 6-16. Effects of high forward 
currents on V-J characteristics. 
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are to predict the behavior of junction transistors used in switching 
circuits. The speed at which the junction responds to an applied signal 
becomes a critical factor if it is required that the output signal be an 
almost exact replica of the input. We shall examine here qualitatively 
some of the factors that limit the pulse response of p-n junctions. 
Consider, for example, the p-n junction employed in the single square- 
wave circuit of Fig. 6-17, where the input signal is a true square wave of 
voltage. If the junction characteristics are completely resistive, we have 


o—P]N] 
Input R= Output 
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(a) 
| tor 
Forward Forward 
+ + 
(e) ; 
© Time—- Time— 
RY a Decoy of 
Reverse Reverse arbe foles 
Current 
saturation 


(b) 


Fra. 6-17. Pulse response of p-n junctions illustrating carrier-storage effects. (a) Ideal 
response; (6) actual response. 


an ideal response as shown by the output signal in Fig. 6-17a. During the 
positive portion of the input signal the function is forward-biased. Since 
the voltage drop across the junction is small, almost all the applied 
voltage appears across the output resistor 2. When the input signal 
switches negative, the junction is reverse-biased. During this time, the 
reverse saturation current flowing around the circuit is very small, and a 
slightly negative voltage drop appears across R. This demonstrates how 
the p-n junction operates as a half-wave rectifier. If the input signal is 
sinusoidal, the output is a half sine wave. The pulse response in Fig. 6-174 
is shown to be ideal, since the output waveform rises and falls at an 
infinite rate. 

In an actual p-n junction the output response under the same conditions 
is far from ideal, as shown in Fig. 6-17b. The observed deviations from 
the ideal response are not surprising when we consider some of the 
capacitive-reactive effects that must be taken into account, lor 
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instance, there exists the junction-barrier capacitance Cr, which is 
voltage dependent and therefore must be charged and discharged in 
accordance with the applied voltage signal. For the high-frequency 
components contained in the square-wave signal, the junction capacitance 
presents a bypassing effect. Consequently, the leading and trailing 
edges of the output pulse would appear with a slight slope and somewhat 
rounded off at the corners, as shown. Therefore, the effect of the capaci- 
tance limits the speed of response of the junction to fast signals. Tran- 
sient response, in terms of rise and fall times, will be studied quantitatively 
in Chap. 16, in reference to junction-transistor switches. 

The discussion of the preceding paragraph was concerned primarily 
with the forward-conducting portion of the output signal. As shown in 
Fig. 6-17b, the reverse portion of the 
cycle deviates markedly from the 
ideal response of (a). This observed 
increase in reverse current is explained 
by the phenomena of minority-carrier 
storage in the n region. Consider Total stored charge Reverse bias 
again the model of the thickness- Sitnne bread one) 
limited junction, ats L, > W. In Fig. 6-18. Hole-storage effects during 
the forward direction, a large num- switching. 
ber of holes are injected into the 
n region and are stored there in the form of a concentration gradient 
(Fig. 6-18a). This charge distribution is maintained as long as the 
junction is conducting. If the applied voltage is suddenly switched to a 
reverse bias, as in the case of the input square wave, the hole (or charge) 
concentration at « = 0 must drop to zero, since the reverse-biased 
gradient appears as in Fig. 6-18b. This means that the total charge 
represented by the shaded area in Fig. 6-18 must be swept out of the 
n region. It is apparent that this cannot occur instantly, and therefore, 
at the first instant after switching, we would expect a large reverse current. 
to flow. Thus, as the current flows, the stored charge is reduced gradu- 
ally, as shown by the dashed lines in Fig. 6-18, until the equilibrium point 
is reached, corresponding to the normal reverse saturation current. It 
is this minority-carrier storage effect that accounts for the reverse-voltage 
(ail shown in Fig. 6-17b. The flat portion represents a saturation condi- 
‘ion for which the initial reverse current is limited by the series load 
resistance R. 

It becomes evident that the recovery time from carrier storage is 
wreater for large forward currents before switching since there is a larger 
concentration of injected carriers. Also, the storage time may be reduced 
by decreasing the magnitude of the minority-carrier lifetime in the region 
where the charge is stored, The fact that very low lifetime is required 
for low storage times is understood when one realizes that the injected 
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minority carriers are removed only by recombination with the majority 
carriers. Theoretical analysis and experimental data on the subject of 
minority-carrier storage! indicate that the recovery or storage time of a 
junction is related to the lifetime as follows: 


tar = 0.97 step junction (6-65) 
Gas = sDbor. graded junction (6-66) 


where + is the minority-carrier lifetime. Very low recovery times can be 
obtained simply by adding large concentrations of deep-lying impurity 
recombination centers such as nickel or gold into the junction. In 
particular the latter is common practice in the fabrication of very-high- 
speed diodes for computer applications. 

6-10. Commercial Junction Rectifiers. It should be clear now that 
the semiconductor p-n junction by itself is an excellent rectifying device. 
It has all the properties of an ideal rectifier, namely, a very low forward 
resistance approaching a short circuit and an extremely high reverse 
resistance approaching an open circuit. Because of these reasons, 
germanium and silicon p-n junctions are in widespread use throughout the 
semiconductor industry as the basic elements of commercial junction 
rectifiers. In the manufacturing process, it is usual practice to form the 
junction by either alloying or diffusion. Indium metal is used in alloyed 
germanium junctions, whereas aluminum is used with silicon. Rectifiers 
made with silicon offer the advantages of having very low reverse currents 
and of operating at high ambient temperatures. Germanium rectifiers, 
on the other hand, offer the advantage of higher efficiency, since the 
forward voltage drop is lower at high currents. 

In Fig. 6-19 are shown some typical commercial junction rectifiers. 
The smaller unit is a germanium device capable of operating at 300 volts 
and 0.3 amp. The larger unit is a silicon rectifier designed for delivering 
50 amp at 200 volts. The high current rating is obtained by utilizing a 
very large junction area. Because of the excessive power dissipation at 
this rating, a large copper stud is used as a heat sink for the junction. 
Removal of the heat from the junction is a major problem in rectifier 
design. Depending on the actual ratings desired, the package design 
may vary anywhere from small hermetically sealed housings to large 
cells mounted on radiating fins. 

In addition to selection of the correct package for thermal purposes, 
rectifier design also includes the problem of establishing the necessary 
specifications for the n-type pellet. Firstly, the resistivity must be 
determined such that the avalanche-breakdown voltage is well above the 
maximum operating voltage that will be applied to the rectifier, See- 
ondly, a compromise must be reached between junction area and pellet 
thickness such that both the forward voltage drop and the reverse satura- 
tion current are within the objective specifieations, This also requires 
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that the minority-carrier lifetime of the pellet be high. Thirdly, the 
temperature requirements of the final device will determine whether 
germanium or silicon is used. All of these design factors stem from the 
basic p-n junction equations that have been discussed in this chapter, for 
both the low-level and the high-level cases. By appropriately relating 
parameters such as A, W, and p,, any number of design monographs may 
be prepared to enable one to select the correct pellet characteristics 
consistent with particular reverse-voltage and forward-current ratings. 





a 


"iq. 6-19. Commercial junction rectifiers. The small unit is a germanium rectifier 
rated at 0.8 amp. The large unit is a silicon rectifier designed for 50 amp operation. 
(Courtesy of General Electric Co.) 


It is not the intent of this text to cover the manifold ramifications of 
rectifier design, but many of the principles will be established in later 
chapters in reference to the design philosophy of junction transistors. 


PROBLEMS 


6-1, The reverse current at V = —5 volts is measured for both a germanium and a 
silicon p-n junction at room temperature. For germanium, the current is 1 wa and 
in largely a diffusion component. For silicon, the current is 1 mya and is determined 
‘o be primarily due to charge generation. Assuming negligible surface leakage, what 
in the back resistance for each rectifier at 100°C and V = —5 volts? 

6-2. An indium dot is alloyed into an n-type pellet of germanium, forming a 
recrystallized p region of 0,001 ohm-em resistivity. The junction area is 200 mil’, 
the effective n-region thickness is 1 mil, and the pellet resistivity is 2.5 ohm-cm, 
Ktocombination in the n region is negligible (Ll, ® W), Using the low-level theory 
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determine the forward current at which the injected hole concentration equals the 
electron concentration in the pellet at room temperature. 

6-3. A silicon n-p junction is prepared by growing a p-type crystal and abruptly 
changing the type by adding a large concentration of n-type impurities. The net 
impurity concentration in the n region is 10! atoms/cm’, whereas in the p region it is 
5 X 10 atoms/cm’. The lifetime in the p region is 0.2 usec and is presumed to be 
equal to the sum of the limiting lifetime due to recombination centers lying at the 
middle of the band gap. For a junction area of 225 mils’, determine the following at 
room temperature: 


a. The reverse current at 5 volts due to charge generation 

b. The avalanche-breakdown voltage 

c. The reverse voltage at which the reverse current is multiplied twice. Assume 
that M takes into account x, variations. 


6-4. Design a germanium rectifier capable of handling 5 amp forward current and 
200 volts reverse voltage. At these ratings, the forward voltage drop shall not 
exceed 0.55 volt and the reverse current at —5 volts shall not exceed 4 va at room 
temperature (neglect surface effects). Assume that, for good quality germanium, 
lifetime varies 50 wsec/ohm-cm and that the pellet thickness W shall be no greater 
than 0.1L,. For the design, specify the following n-type pellet characteristics: 


a. Resistivity 

b. Lifetime 

c. Effective pellet thickness (mils) 
d. Active junction area (mils?) 


Consider the p region to be very heavily doped with indium. 

6-5. Determine the avalanche-breakdown voltage for a diffused silicon junction in 
which boron is diffused into a 2 ohm-cm n-type wafer to a junction depth of 3 yu. 
The boron surface concentration is 8 X 10!7 atoms/cm’. 
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Introduction to Transistors 





7-1. Introduction. In the forthcoming chapters, the various carrier 
mechanisms involved in the junction transistor will be analyzed quanti- 
tatively, beginning with the simplest model and systematically adding 
more effects until the complete theoretical model of the device is formu- 
lated. Design relationships will be established along the way. However, 
in order to present an effective guide through these theoretical develop- 
ments, it would be advantageous to have a broad, general description of 
the transistor and its significant principles of operation and characteristics, 
and a familiarity with the new terminology. Therefore, this chapter will 
present a qualitative nonmathematical survey of the junction transistor 
as an introduction to the chapters to follow. 

7-2. The Ideal Amplifier. In almost all electronic systems, active 
clements or devices are necessary to amplify small electrical signals to 
higher levels of power (or voltage). 


Obviously, such devices must be as on Tour 
efficient as possible, giving high am- — qnpyj—> lS? a -n a 
plification gains, minimum internal ° ° 


power loss, and faithful, undistorted py, 7-1, Amplifier in'a “black box.” 
reproductions of the applied input 
signals over the widest range of frequencies. Any device offering the 
highest degree of these performance characteristics would certainly be 
ideal. 
lor the sake of illustration, we shall suppose that an amplifying device 
of unknown structure is available and is completely contained within a 
“black box,’’ such that only pairs of terminals are evident at the input 
and output, as in Fig. 7-1. If such an amplifier is an ideal one, we car 
make definite statements regarding what we can expect for the char- 
acteristics of the input and output terminals. Suppose that the input 
signal to be amplified is in the form of the current Jy. In order for the 
amplifier to have high gain, the first requirement is that the necessary 
161 
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input power consumption be as small as possible. This would mean that 
the resistance Ry which the current J;y sees at the input terminals must 
be as small as possible, approaching zero for the ideal amplifier. At the 
output terminals, however, we would expect a different characteristic. 
It would be desirable that the current Jr pass through the amplifier 
at least undiminished, so that it equals the output current Joy, as in 
Fig. 7-1. In order to get power gain, then, it is necessary that the output 
resistance Ropr be as large as possible, approaching infinity for the ideal 
amplifier. In effect, this is merely stating that the output current of the 
amplifier flows out from a constant current source (very high resistance) 





Fia. 7-2. Hypothetical amplifier equivalent circuits. (a) Practical amplifier; (b) ideal 
amplifier. 


such that this current is independent of any load resistor Rz, placed across 
the output terminals. If the amplifier output resistance Rovr is very high 
(approaching infinity), we may also use very large values of R, for the 
load, giving high power gains for the amplifier. This may be seen by 
comparing the input and output powers in terms of /?R. If the resistance 
on the input side is Ry (very small), then the input power is Jix’?Rm. At 
the load, the output power is Jour?, where R,, is very large. Taking the 
ratio for the power gain, we have 





Io z 
G = ot Ry Rovr > Rr > Ri (7-1) 
Tw Rw 
For the condition that Ji, = Jour, 
Rt 
- 7-2 
Rw ( ) 


Thus it is seen that a device capable of permitting a current to enter 
at low resistance, go through undiminished, and come out at high resist- 
ance would certainly approach an ideal amplifier. The equivalent circuit 
of such a device might appear as shown in Fig. 7-2a, where the generator 
is a constant-current generator delivering a current equal to the input 
current. For the ideal case, the input would approach short circuit and 
the output open circuit as shown in Fig. 7-2b. 

7-3. Amplifier Synthesis with p-n Junctions. In order to obtain an 
amplifying device on the basis of the criteria we have just discussed, 
viz., (1) low resistance input, (2) high resistance output, and (8) unatten- 
uated current transfer, we may take advantage of the electrical char- 
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acteristics of p-n junctions as a function of voltage bias. By suitably 
employing p-n junctions, we can properly synthesize an amplifying device. 

As was discussed in Chap. 5, when a p-n junction is biased in the 
forward direction, very large currents will flow, consisting primarily of 
holes, crossing the junction, which diffuse into the n region where they 
recombine with the electrons there. This, of course, occurs for the case 
where the p-region resistivity is very much lower than the n-region 
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lia. 7-3. Characteristics of p-n junctions. (a) Forward bias; (b) reverse bias. 


resistivity such that pp > nn. For these conditions, the current increases 
rapidly and exponentially with voltage, giving rise to very small forward 
rosistances. These effects are illustrated in Fig. 7-3a. For purposes of 
discussion, the potential of the n region is held fixed at ground potential, 
«0 that the application of forward bias raises the potential of the p region 
hy V, volts. The V-I characteristic, as drawn, is strictly arbitrary, 
signifying only the general order of magnitude of the currents involved. 
Al a particular bias point, shown by the dotted lines, the small-signal a-c 
eonduetance (1/Rae) which is equal to the slope of the curve (d/pr/dV.) 
evaluated at that point, is rather large, yielding a small a-c resistance, 
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Thus, the forward-biased p-n junction could satisfy the first amplifier 
criterion as far as the input is concerned. 

In Fig. 7-3b, the p-n junction is shown in the reverse-biased condition 
with the application of a negative voltage to the p region. Here again, 
for the sake of reference, the n region is maintained at ground potential. 
The current that flows in the circuit is the reverse saturation current 
which, for the chosen resistivities, consists primarily of the holes (minor- 
ity-carrier concentration) in the n region that diffuse to the junction and 





Voltage ——> 





Distance ——>- 


Fic. 7-4. p-n junctions back-to-back. 


drop into the p region. Since p, is usually quite small, this current is 
quite small and is also practically constant with voltage as shown in the 
approximate sketch of the V-I characteristic. At a particular reverse 
bias the slope of the curve is almost zero, giving rise to an extremely large 
a-c resistance which satisfies the second criterion for the ideal amplifier. 

To construct the amplifier, the obvious procedure would be to combine 
the p-n junctions as described into a homogeneous structure, in order to 
obtain the desired characteristics at the input and output terminals. 
Such a structure would appear as shown in Fig. 7-4, where the p-n 
junctions are placed back to back, with the n regions common and at 
ground potential. The bias voltages have been designated Vr and Vp 
for the forward and reverse biases respectively. In this model it is 
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assumed that the p regions are of equal and very low resistivity compared 
to the n region, such that the currents are predominantly due to hole 
flow. If the thickness W of the n region is very much greater than the 
diffusion length L, for holes in that region, the hole current distribution 
as a function of distance appears as shown by the dashed curve in 
Fig. 7-4. For the forward-biased junction (at the left), the hole current 
is shown recombining with electrons in the n region, constituting the first 
loop current Jy. The second loop current Iz arises from the concentra- 
tion of holes in the n region which diffuse to the reverse-biased junction 
(at the right). The important result to note is that since these diffusion 
mechanisms are remote from each other within the n region, no inter- 
actions occur and the structure behaves just as though the junctions were 
biased independently. 

We may conclude, then, that the structure satisfies the first and second 
criteria, but not the third, which requires that the input current Jy appear 
at the output terminals. In Fig. 7-4, the output current [z is independent 
of and several orders of magnitude smaller than the input Jy. The next 
section will treat the modifications which are necessary in order to 
obtain good amplifier characteristics. 

7-4. The p-n-p Junction Transistor. If the structure of Fig. 7-4 is 
modified by making the thickness W of the n region much smaller than 
the hole diffusion length, an effective means is provided to transmit the 
input current to the output. Such a structure is appropriately called a 
transistor, which means “carry across.” In the new structure, shown 
in Fig. 7-5, where W « L,, a concentration of holes will enter the n region 
from the forward-biased junction and, because of the large concentration 
wradient in the base region, will diffuse across to the reverse-biased junc- 
tion. Since the distance is much less than a diffusion length, only a very 
small fraction of the holes will recombine with electrons in the n region, 
and most of the holes will reach the reverse-biased junction. The 
arriving holes are then easily swept across this junction, making the hole 
concentration equal to zero there. The hole current flowing out from the 
reverse-biased junction is only slightly less than the input value. Thus 
we have satisfied the final condition for power gain, i.e., the output 
current is a constant current from a high-resistance source. 

In Fig. 7-5, the forward-biased junction is called the emitter, since it 
emits or injects carriers into the n region. In transistor nomenclature, 
(he n region is called the base, shown at ground potential in the diagram. 
‘The reverse-biased junction is called the collector, for reasons that are 
obvious. Tinally, the input and output voltages and currents are called 
the emitter and collector voltages and currents, respectively (Vz, Iz and 
Vo, Je). The current flowing out of the base region due to those holes 
that recombine with electrons there is called the base current Tp. 
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The action of the p-n-p junction transistor may alternatively be under- 
stood by referring to the voltage-profile diagram. All of the voltages are 
shown to be constant in the emitter, base, and collector regions; this is so 
for the assumption that the conductivities of these regions are sufficiently 
high so that the applied potentials are completely dropped across the 
junctions only. With the base region fixed at ground, the emitter voltage 
Ve effectively decreases the base-to-emitter potential hill, permitting 
large numbers of holes to diffuse into the base. Although some recom- 
bination will occur within the base, most of the holes will reach the 
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Fia. 7-5. p-n-p junction transistor. 


collector junction. The collector voltage Vc increases the potential drop 
from base to collector, thus making it extremely easy for the arriving holes 
to fall downhill into the collector region. In other words, the holes 
prefer to enter the regions of lowest potential energy (for holes). 

If only the collector voltage Vc were applied to the transistor, so that 
there was no emitter current Iz, we would still expect a small current to 
flow in the output. This would be the reverse saturation current of 
the collector junction; however, it would not be the same as in con- 
nection with Fig. 7-4, due to the fact that the base-region thickness is 
now much less than the hole diffusion length. This means that this 
current would consist primarily of the equilibrium concentration of holes 
in the n region, nearly all of which would easily diffuse to the collector 
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junction. The equilibrium floating potential of the open-circuited emit- 
ter junction would also contribute to the lowering of the saturation 
current. Denoted as Iczo0, the collector current for open-circuited 
emitters, it is seen that this current would flow whether or not there 
was an input signal, and therefore represents useless power dissipation in 
the collector circuit of the transistor. If emitter current was fed into the 
transistor, the output collector current would be equal to the sum of the 
[cro saturation current and some fraction (close to unity for good 
transistors) of the emitter current Iz, or 


I¢ = Iczro + aly (7-3) 


where a (alpha) is a measure of the efficiency of transport of carriers 
through the transistor. Thus, if no recombination took place, a would 
equal unity. In good junction transistors, Jc¢zo is usually very small 
compared to normal operating values of Jz, so that Eq. (7-3) simply 
becomes I¢ = alz, meaning that alpha is the ratio of the collector current 
to the emitter current. 

7-5. Current-gain Theory. The parameter a represents one of the 
most important of the parameters that characterize the operation of a 
junction transistor. As was just stated, alpha is the ratio of the collector 
current to the emitter current, or, in more general terms applicable to a-c 
signals, 
dle 
Olz |vo=K 


e= (7-4) 
which is the small-signal current gain about a particular d-c operating 
bias. From the standpoint of the current criterion for good power gain, 
it is desirable that alpha be as close as possible to unity. It was described 
previously that the recombination of injected minority carriers with the 
majority carriers of the base region limits alpha to values slightly less 
than unity. 

Actually, the over-all alpha of a transistor may be designated as the 
product of three separate carrier mechanisms, written as follows: 


a = ypFa® (7-5) 


where a = alpha (over-all current gain) 
y = emitter efficiency 

B* base-transport factor 

a* = collector multiplication ratio 
|. is apparent that if each of these mechanisms is equal to unity, then the 
over-all current gain is unity. Each will be explained in the following 
paragraphs. 

Iimitter efficiency y is the ratio of the number of minority carriers 

injected into the base region from the emitter to the total number of 


ll 
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carriers crossing the emitter junction. In other words, is the ratio of 
the injected current to the total emitter current. For a p-n-p transistor, 


the emitter efficiency is 
18 


pws P 
2 Aeieahe 


where /, is the current due to holes injected from the emitter p-n junction. 
The total current crossing the junction consists of the component /, and 
a current component J, due to the electrons injected into the emitter from 
the base. Although this forward-bias component was usually neglected 
in the simple p-n junction theory, it cannot be so neglected in terms of 
alpha, where we are concerned with small deviations from unity. Since 
only the hole current J, contributes to transistor action, it is desirable 
that I, be kept as small as possible, to maintain an emitter efficiency as 
close to unity as possible. It is apparent that from a design standpoint 
this can be attained by making the ratio of the base region resistivity ps 
to the emitter resistivity pe as large as possible, thereby making the 
emitter hole concentration p,. much greater than the base electron 
concentration Nn. 

The second right-hand term of Eq (7-5), the base-transport factor, is a 
significant term which represents the ratio of the number of holes arriving 
at the collector junction to the number of holes injected into the base 
region from the emitter. The latter corresponds to the hole current Ip 
in the emitter efficiency Eq. (7-6). As the holes diffuse through the base 
region, some of the holes will recombine with electrons, constituting a 
small current which is not collected and which flows out of the base region. 
Since it is required that this internal current loss be a minimum, it is 
necessary to keep the amount of recombination in the base region as 
small as possible. The base width W and the hole diffusion length Ly» 
therefore appear in the expression for the base-transport factor. It 
should be recalled that the diffusion length represents an arbitrary 
average distance a carrier will diffuse before it recombines, and is equal to 
Ly» = VDprtp. In the case of the transistor, 7,» is the lifetime for holes 
in the base. A high-lifetime base region whose thickness W is much 
smaller than L,» then gives a value for the base-transport factor very 
close to unity. In other words, the carriers reach the collector junction 
in a distance far less than their diffusion length and therefore have a high 
probability of not recombining with electrons. In junction-transistor 
design, the thickness of the base region becomes a critical factor, not only 
for current gain but, as will be seen later, for other parameters as well. 

The last term of Eq. (7-5), the collector multiplication ratio a*, is a 
ratio of the total current crossing the collector junction to the hole current 
(for a p-n-p transistor) arriving at the junction. Under normal condi- 
tions a* is usually equal to unity, Tor certain conditions, however, it 


(7-6) 
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may exceed unity. This arises from the fact that the holes entering the 
collector provoke a flow of electrons from the p-type collector region into 
the base. This electron current is not a diffusion current but a drift 
current, established by the electric field created by the hole current in the 
collector. For a given hole concentration (or current) in the collector 
region, the electron drift current will increase as the resistivity increases, 
because the electron concentration (minority carriers) becomes greater. 
Thus it is expected that a* becomes greater than 1 in transistors having 
relatively high collector resistivities, particularly at higher temperatures 
where the minority-carrier concentration increases due to thermal 
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Fig. 7-6. Current schematic for composite transistor alpha. 


generation. Mesa transistors made by the diffusion process have 
collector resistivities higher than that of the base or emitter. However, 
alloy junction types have very low collector resistivities, and therefore 
collector multiplication may be considered negligible. It should be 
emphasized that a* is mostly a function of the relationship of the magni- 
tude of the injected-carrier concentration to the majority-carrier con- 
aa pai in the collector and is therefore a function of current injection 
evel. 

In summary, we see that through judicious choice of resistivities and 
lifetimes for the emitter, base, and collector regions of the junction 
(ransistor, both the base-transport factor 6* and the collector multiplica- 
tion ratio a* can be set approximately equal to unity, thereby making the 
over-all transistor current gain a dependent primarily on the emitter 
ofliciency y. The contributions of the three mechanisms y, 8*, and a* to 
over-all alpha may be readily pictured by the simple current schematic of 
l‘ig. 7-6. The solid lines depict the hole components, the dashed lines are 
the electron currents, and the heavy lines represent the total currents. 
‘The three transistor regions are shown separated for easier visualization. 

The components of the J¢zo current are also drawn in. This is the 
current that flows in the collector for zero emitter current, i.e., open- 
cireuit’ emitter. These components arise from the diffusion of the 
(thermally generated minority carriers, 
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7-6. Grounded-base Transistor Characteristics. Having established 
the current-gain mechanism in the junction transistor, we can now 
describe the voltage-current characteristics of the output collector circuit. 
A typical family of curves is drawn in Fig. 7-7, which is a plot of collector 
current Jc versus collector voltage Ve for different values of emitter 
current. In certain regions the curves have been exaggerated for the 
purpose of illustrating special effects. Also, the curves are those which 
would be obtained for the circuit as shown, in which the base region of the 
transistor is grounded.* With emitter current equal to zero, the first 
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Fia. 7-7. Vc-Ic characteristic for grounded-base junction transistor. 


V ¢-Ic¢ curve corresponds to the I¢zo current as a function of voltage and is 
similar to the reverse saturation-current characteristics of a p-n junction. 
Since Ico is a function of p,» in the base (also n,, in the collector, but to a 
far lesser degree if pys > ppc), it would be expected that Iczo has a 
temperature dependence similar to that of pn. As the temperature 
increases, Ino also rises, and in so doing shifts the whole family of curves 
upwards by the same amount. The Vc-Iczo power dissipation represents 
useless junction heating and therefore limits the power capabilities of the 
device by its contribution to the transistor’s operating temperature. It 
is important, therefore, in good transistor design, to keep the Jeno current 


* It should be pointed out here that although the discussion in this chapter refers 
to the p-n-p transistor structure, the same theory holds for the n-p-n structure. 
In the n-p-n case, the active minority carriers are electrons which are injected into 
a p-type base region. Furthermore, the required bias voltages are reversed; ie, # 
negative voltage is necessary to forward-bias the emitter n-p junction and a positive 
reverse bias is necessary for the collector, Lastly, all hole terms and subscripts for 
the p-n-p case become electron terms and subseripts for the n-pen ease, and vice versa, 
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as small as possible. In actual transistor devices, the inherent Ic¢go 
currents are very small, on the order of microamperes or much less for 
silicon. However, surface leakage plays a dominant role in contributing 
to the total current. 

When the emitter current Jz is equal to 1 ma, the collector current [¢ is 
equal to alx, or almost J, for a close to unity. Thus we have the first 
curve of I¢ versus Vc for Jy = 1. As the emitter current is increased in 
equal increments of 1 ma, the collector current also increases in increments 
of alz, giving a direct linear relationship as shown. However, at the 
higher emitter currents it is seen that the curves begin to crowd together. 
This effect is due to the fact that alpha falls off gradually as the emitter 
current (density) is increased, and is related primarily to a decrease in 
emitter efficiency due to an effective decrease of the base resistivity by 
the large injected current. In circuit applications in which the emitter 
current swings over a wide range, the alpha-crowding at the higher levels 
results in highly nonlinear operation, distorting the collector output 
signal. It is good design practice, therefore, to keep current gain as a 
function of Zz as constant as possible over the allowable range of emitter 
currents. The upper emitter-current limit is set by the maximum 
permissible junction temperature, which is a function of the power 
dissipation and the ambient temperature. Transistors are temperature 
limited because of the degradation of semiconductor bulk parameters, 
particularly as resistivities become intrinsic due to thermal generation. 
It is for these reasons that silicon transistors can operate at higher tem- 
peratures than germanium. 

Although not shown in Fig. 7-7, it is also possible for alpha to decrease 
for very small emitter currents, owing to the extensive recombination of 
injected carriers with either surface carriers or impurity recombination 
centers. This subject will be treated in detail later. For those circuits 
requiring amplification of very small a-c signals, it is desirable that alpha 
peak rapidly with emitter current, in order that the smallest possible d-c 
emitter bias current be used, for minimum power-supply drain. 

In Fig. 7-7, as the collector reverse-bias voltage is increased, it is seen 
(hat the curves begin to slope upward slightly. This effect is due to the 
widening of the depletion layer of the reverse-biased collector junction. 
We recall that the thickness z,, of the depletion layer of a p-n junction is 
proportional to ~/V and for a step junction will spread almost completely 
into the higher resistivity region. Thus, for the p-n-p transistor, the 
spreading with voltage will effectively reduce the thickness W of the 
i region. This will result in two significant effects: (1) the base transport 
factor will increase, thereby increasing alpha slightly, and (2) the Iczo 
current will increase since it isinversely proportional to W. Therefore we 
have the change of slope of the collector current, as shown, 
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If the base-region resistivity is high and the thickness W quite small, 
a point is reached at which the collector voltage spreads the depletion 
layer far into the n region, such that it reaches the emitter junction. At 
this critical point, a phenomenon called voltage punchthrough occurs and 
large currents flow which can literally burn out the transistor if there is not 
adequate series resistance in the circuit. Essentially, at the punch- 
through condition the emitter charge dipole is disturbed by the spreading, 
so that many more holes are swept out from the emitter region in order to 
maintain charge neutrality at the emitter junction. It becomes apparent 
from the theory that, for a given base thickness W, punchthrough will 
occur at higher voltages for lower resistivity base regions. The Ve-le 
characteristics, however, show the collector junction “breaking down” 
by the avalanche mechanism described in Chap. 6. It is assumed, inthis 
case, that for the resistivities involved, avalanche breakdown is occurring 
before punchthrough. From the McKay theory, avalanche breakdown 
is approximately directly proportional to resistivity. Thus, the maxi- 
mum allowable collector voltage of the transistor is limited by the lower 
of the two reverse mechanisms, avalanche breakdown and punchthrough. 

Referring to Fig. 7-7 again, we see that as the voltage approaches the 
breakdown value BV cro, the collector currents begin to bend up rather 
rapidly. This effect is actually a current multiplication brought about 
by the approach to breakdown. In this region, the carrier ionization 
rate is increasing with electric field, rendering an increase to the over-all 
transistor alpha, since the collector current is becoming greater. If we 
designate the multiplication factor by 
M, then Ic is given as 


Ic = aMIg = yB*a*MIg (7-7) 


It is possible then for alpha (also called 
collector-to-emitter current gain) to be 
greater than unity, since M > 1 near 


OH rp [a[p}-= BVcro. In fact, at breakdown alpha 
(ina) Current goins$+ approaches infinity. 
(1 7-7. Grounded-emitter Transistor 
Characteristics. When a junction 
Fig. 7-8. Grounded-base junction transistor is operated in a grounded- 
transistor. P c ¥e Vs > 
base circuit, power gain 1s achieved 
by driving the low-resistance input from a constant current source, such 
that the input current is multiplied by alpha and the output power is 
developed across the load resistor in the collector circuit. Such a circuit 
would appear as shown in Fig. 7-8a, where R, is the load resistor and Re 
is much greater than the d-c resistance of the emitter junction, so that 
the emitter bias current is made constant. lor an alternating input 


Emitter Base Collector 
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current I4c, the voltage output would obviously be al4ckz. From the 
standpoint of the currents, if the input current is referenced as 1, then 
by definition the output current is «. The difference between the two 
viz., the base current, must therefore be equal to (1 — a), as shaw 
schematically in Fig. 7-8b. For example, if a = 0.98, then for unity 
input the base current is (1 — a), or 0.02. 

The fact that high-alpha transistors have extremely small base currents 
makes it quite conceivable to drive the device using the base as the input 
and the emitter at ground potential, as 
far as alternating currents are con- 
cerned. Such an arrangement is called 
grounded-emitter operation; a typical cir- 
cuit for a p-n-p transistor is drawn in 
Fig. 7-9a. Note that as far as the direct 
emitter current and collector voltage are 
concerned, the junctions are still biased 
in the same manner as for the grounded- 
base case. The resistance Rg is con- 
tained within the emitter-base circuit to 
maintain a constant-current emitter 
bias. The significant aspect of this con- 
figuration is shown in Fig. 7-9b. Ifthe () 
same current relationships are retained, 
then it is seen that as far as input and 
output are concerned, the current gain is 





Current gain= 7-8 





a Fig. 7-9. Grounded-emitter junction 


(Tera (7-8) transistor. 





B= 


where @ is the output collector current and (1 — a) is the input base 
current. The emitter current is still unity and Kirchoff’s laws remain 
unviolated. If alpha is again 0.98, beta becomes 0.98/(1 — 0.98) or 49 
which is therefore the current gain for the grounded-emitter svanaiatibe 
Under these conditions, a simple analysis will show that the input reniit 
ance for grounded emitter becomes equal to 

1 


l-a 





Wesecandea emitter — Pier oonded habe OS. (7-9) 
I'rom Bq. (7-9), the higher the alpha, the smaller is the base current and 
the higher are both the beta and the input resistance. This higher input 
resistance permits the grounded-emitter stage to be driven from a low- 
resistance voltage source Vac, making it more suitable than the grounded- 
hase circuit for most amplifying circuits. It should be noted that beta 
per dq. (7-8), increases very rapidly as a approaches 1. 

The Ve-le collector characteristics must now be modified for the 
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grounded-emitter case. The new family of curves is drawn in Fig. 7-10 
for the same collector current and voltage scales, but the varying param- 
eter is the base current Iz. The first important result to observe is that 
the collector saturation current for [zg = 0 is equal to Blc¢zo. For good 
transistors, where beta may be about 10 and I¢zo about 1 wa, Bl ezo for 
grounded emitter is 10 wa at room temperature. At 85°C, for example, 
thermal generation increases BI¢o to about 1 ma. Obviously, this cuts 
heavily into the useful range of operation for the transistor. It is this 
multiplication of I¢zo that makes it so essential that Z¢nzo be as small as 
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Fia. 7-10. Vc-Ic characteristic for grounded-emitter junction transistor. 


possible. In silicon transistors, the room temperature Ic¢go is on the 
order of millimicroamperes so that the range of operation may be extended 
to higher temperatures than germanium. By definition, the BIczo cur- 
rent is written as Icno. 

Since the effective base thickness varies as the collector depletion layer 
widens with voltage, we expect a small increase in alpha to occur. Beta, 
being quite sensitive to small changes in alpha, increases at a much faster 
rate. It is for this reason that the curves of Fig. 7-10 slope upward 
considerably more than for the grounded-base transistor. Similarly, 
the sensitivity of beta to changes in alpha also creates a more rapid falloff 
of beta (collector-to-base current gain) with emitter current density. 
This accounts for the more pronounced crowding of the Vo-I¢ char- 
acteristic at the higher input base currents. 

Maximum collector voltage for grounded emitter is also limited by 
either punchthrough or avalanche breakdown, whichever is lower, depend- 
ing on the base resistivity and thickness. lor the case of avalanche, 
intensive current multiplication will also occur near the breakdown 
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region. In Eq. (7-8) it may be seen that a voltage can be reached where 
the multiplication factor M@ makes the over-all alpha equal to 1; the 
magnitude of beta becomes infinite, thereby breaking down the collector 
junction at a voltage less than BVego. This common-emitter break- 
down voltage is denoted as BVczo. Another characteristic, evident from 
‘ig. 7-10, is the grounded-emitter saturation voltage Vengar). This 
parameter is especially important in grounded-emitter switching applica- 
tions. As Iego is the saturation current as collector voltage is increased, 
Verwat) is the saturation voltage as collector current is increased. 
Physically speaking, Vcxsar) is comprised of the emitter and collector 
junction potentials and the JR drops in the series resistance of the collector 
region. The latter are particularly significant in transistors made by the 
single-ended impurity-contact processes. 

Two additional parameters, both related to the emitter junction, are 
BVeeo and Vez. The former is the avalanche-breakdown voltage of the 
emitter junction and is primarily dependent on the resistivity of the base 
region. The latter is the base-to-emitter forward voltage of the emitter 
junction and is simply the junction voltage necessary to maintain the 
forward-bias emitter current. 

7-8. High-frequency Characteristics. Measurements and theoretical 
analyses of the junction transistor reveal that a-c parameters such as cur- 
rent gain and input and output im- 
pedances will vary as a function of 
frequency in a rather complex man- 
ner. At this point it will suffice to 
say that diffusion capacitances and 
{ransit-time effects will appear in 
the a-c terms as we consider higher Fia. 7-11. Variation of alpha with fre- 
frequencies of operation. Never- quency. 

(heless, it may be said that the 

most significant parameter variation concerns the variation of current 
wain with frequency. Theory and experiment indicate that in well- 
designed transistors the grounded-base current gain remains fairly con- 
stant with frequency up to a point and then begins to fall off in a manner 
similar to the frequency response of a simple R-C network. By definition, 
the frequency at which alpha decreases to 0.707 (or 1/+/2) of its low- 
frequency value is called the alpha-cutoff frequency fas. Atypical variation 
of alpha with frequency is plotted in Fig. 7-11, where a, is the low-fre- 
quency value and a,, is equal to 0.707 a, at the alpha-cutoff frequency fas. 

The alpha-cutoff mechanism is associated with the finite transit time 
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which the minority carriers require to cross the base width. Since the 
carriers have a certain mobility determined by their effective masses and 
velocities, a point is reached where the carriers are not able to respond 
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as rapidly to the impressed signal frequency. This creates a phase lag or 
capacitance effect which enhances recombination, thereby decreasing 
alpha. On this basis, it would be expected that electrons have a better 
frequency response than holes, since their mobilities are greater. In this 
respect, n-p-n transistors are superior to p-n-p transistors, other things 
being equal. The theory will show that alpha cutoff is inversely pro- 
portional to the square of the base width and directly proportional to the 
minority-carrier mobility. In fact, alpha cutoff will increase with increas- 
ing collector bias, since the base width gets narrower. It should be 
evident that in terms of good amplification performance at high fre- 
quencies, fas should be as high as possible. 

For very-high-frequency transistors in which the base widths are 
extremely thin, the observed frequency response of current gain is con- 
siderably less than that predicted by the aforementioned transit time 
through the base region. This indicates that there are additional high- 
frequency characteristics which contribute to the reduction of fas. One 
of these is obviously the existence of the collector junction capacitance 
Cre, which appears across the output of the transistor. This capacitance 
must be charged up through any series resistance in the collector or other 
regions of the transistor. In this case, we have the collector series 
resistance rgc [this accounts for the observed Vexcsar) discussed in Sec. 
7-7], which establishes the rgcC'z. time constant. 

A second characteristic which limits frequency response is the existence 
of the emitter junction capacitance, which is usually quite large because 
the depletion layer is quite narrow under forward-bias conditions. This 
emitter capacitance Cr. shunts the input resistance of the transistor re, 
thereby establishing the time constant 7,Cr.. This time constant may 
become quite large at low operating currents, since r, is inversely pro- 
portional to Iz. 

The final high-frequency characteristic of importance is the transit time 
of the carriers through the collector depletion layer. We saw in Chap. 4 
that in the presence of electric fields, carriers will travel with a finite drift 
velocity. If the depletion-layer thickness is appreciable, one cannot 
neglect the finite transit time necessary to cross it. 

In summary, we see that the over-all frequency response of a transistor 
is not restricted to the base-transit time, but must include additional time 
delays such as the emitter time constant r-Cr., the collector time constant 
rscCre, and the transit time through the collector depletion layer. The 
theory of transistor frequency response will be studied in greater detail 
in Chaps. 13 and 14. 

If the transistor is operated in grounded-emitter configuration, the 
effect. of the frequency variation of alpha on beta is quite severe, We 
recall that beta is given by the magnitude of a/(1 — a). As the fre- 
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quency is increased, the denominator (1 — a) becomes very sensitive 
to the phase shift of alpha, increasing rapidly and decreasing 6 equally so. 
In grounded base, alpha is the ratio of the absolute magnitudes of I¢ and 
Tz, regardless of any phase lag between the two currents. However, in 
grounded emitter, J, [or (1 — a)] is the vector difference Tz — Ic, as 
illustrated in Fig. 7-12. As the phase 
angle 6 increases with frequency, (1 — a) 
or Ig also increases, and beta falls off 
quite rapidly at lowerfrequencies. From 
the theory, the frequency of beta cutoff is 
given as fee = (1 — a)fa. This is the 
frequency at which beta is 0.707 of the 
low-frequency value. 

_The relationship of fae to fax is clearly shown in the frequency-response 
diagram of Fig. 7-13. The vertical scale is exaggerated in order to permit 
the plot of both alpha and beta on the same diagram. The frequency at 
which beta is equal to 1 is defined as fr, the gain bandwidth of the 
transistor, which is shown to be slightly higher than the alpha-cutoff fre- 
quency fa. In most high-frequency transistors having diffused bases 
the excess phase shift causes fr to be lower than fa». Although beta th 
unity at fr, there may be appreciable power gain at this frequency because 
of the impedance ratios of the transistor. Actually, the maximum fre- 
quency of operation for a transistor is the maximum frequency of oscilla- 
tion fmax, Which is defined as the fre- 
quency at which the power gain is 
equal to 1. 

Both power gain and the maximum 
frequency of oscillation are inversely 
related to an additional time constant 
r,Cr-, which is associated with the 

resistance of the base region r,. This 
= oe base resistance is related to the base 
stand ts - ™* eurrent flowing out of the base region. 
Regardless of any particular geometry 
for the base region of the transistor, 
the base current Jz must traverse this 
region to an ohmic contact. Since the 
base layer has finite thickness and resistivity, we can establish a finite base 
resistance r,. Thus we have the most important time constant rzCr., 
which must be minimized to achieve maximum high-frequency response 
and power gain, 

7-9, A-C Equivalent Circuit. In applying a junction transistor to an 
electronic cireuit, the designer often finds it convenient to represent the 








Fie. 7-12. Effect of phase shift on 
magnitude of (1 — a). 








lia. 7-13. Relationship of grounded- 
emitter frequency response to 
wrounded-base response. 
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device by its equivalent electric circuit, in order to facilitate the analysis 
of its performance. In studying the physics of transistors and by 
analyzing the behavior of the holes and electrons we can readily (as will 
be done in later chapters) arrive at voltage-current expressions which are 
related to the physical parameters of the semiconductor materials. 
These equations give rise to general admittances for both the input and 
output terminals and enable us to write down an equivalent circuit for the 
transistor. 

From the discussion of the ideal amplifier in the beginning of this 
chapter and the qualitative descriptions of transistor mechanisms, we are 
in a position to establish a simple equivalent circuit which approximates 


Collector 





Base 


Fia. 7-14. Transistor equivalent circuit. 


the model of the transistor described thus far. Such an arrangement is 
drawn in Fig. 7-14. Equivalent circuits are usually drawn only for the 
a-c impedances of the device. The signals, therefore, are only the 
alternating currents and/or voltages, measured at a particular d-c bias. 
Although the d-c biases are not shown, the circuit holds only for the 
operating points in question. In transistors, the a-c parameters will 
change with d-c operating bias. 

The input resistance r. represents the slope of the forward-biased 
emitter junction; for an emitter current of 1 ma, r, would be about 26 ohms 
at room temperature. The output resistance 7. corresponds to the slope 
of the reverse-biased collector junction at a particular collector voltage. 
This resistance is considerably lower than that predicted by saturation 
conditions because, under small-signal operation, the a-c variation of 
collector voltage will impart an a-c variation to alpha, due to depletion- 
layer widening effects. This dependence of alpha on collector voltage 
will increase the slope of the V¢-I¢ curves, thereby lowering the collector 
resistance to a value which may be equal to about 1 megohm. This same 
a-c variation of the base thickness will also vary the emitter resistance, 
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since less emitter voltage is needed to maintain the same emitter current 
as the base region becomes thinner. This feedback effect on the emitter 
by the a-c collector voltage is represented by a small a-c voltage generator 
placed in series with the emitter resistance r., and is given as ue., where 
Uee 18 the feedback factor. To depict the current-gain mechanism, a 
constant-current generator equal to a/,., where I, is the input emitter 
signal current, is placed across the output terminals, with the polarity 
as shown in Fig. 7-14. The a-c equivalent circuit is then completed with 
the addition of the emitter capacitance C7, across the input, the collector 
capacitance C7, across the output, and the base resistance r’, in series 
with the base terminal. Thus we see that this equivalent circuit satisfies 
the requirements for gain and adequately characterizes the physics of the 
junction transistor. 

7-10. Optimum Transistor Parameter Design. As previously stated, 
the purpose of this chapter is to introduce the basic mechanism of the 


TaBLe 7-1. Key TRANSISTOR PARAMETERS 


Symbol Parameter 
a Grounded-base current gain 
BV cro Collector-to-base breakdown voltage 
BV zpo Emitter-to-base breakdown voltage 
Tczo Collector-to-base leakage current 
B Grounded-emitter current gain 
BVcro Collector-to-emitter breakdown voltage (open base) 
Iczo Collector-to-emitter leakage current 
Vox sat) Grounded-emitter saturation voltage 
Vue Base-to-emitter forward-bias voltage 
Cre Emitter junction capacitance 
Cre Collector junction capacitance 
, A-c resistance of forward-biased emitter 
s A-c resistance of reverse-biased collector 
Tp Base-region resistance 
fab Alpha-cutoff frequency 
Ves Beta-cutoff frequency 
fr Gain-bandwidth frequency 
f ie Maximum oscillating frequency 


junction transistor in a qualitative manner. Also, it serves to highlight 
the significance of the more pertinent electrical parameters and char- 
ucteristics of the transistor. In order to properly integrate all the param- 
eters into an optimum device, it would be desirable at this point to 
examine each one independently in relation to what might be required for 
ideal junction-transistor design. The key parameters discussed thus far 
are summarized in Table 7-1. 

exclusive of any limitations on the maximum temperature of operation, 
(he most important criteria for an ideal transistor are gain, frequency 
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response, and power capability. The combination of these three factors 
dictates what is expected for the individual parameters inherent to the 
device. For maximum gain, the current gain a should be as close to 
unity as possible. This yields a high beta in the grounded-emitter circuit 
configuration, corresponding to large collector-to-base current gains. 
Further, for other things equal, the transistor alpha should be constant 
over a wide range of emitter current, falling off as little as possible at the 
higher currents. This allows for the highest possible emitter current 
rating at which the transistor still provides gain, thereby extending the 
power dissipation rating. Also, the transistor base width should not vary 
with collector voltage; this minimizes any internal feedback effects due to 
changes of alpha with voltage. The constancy of alpha over the widest 
range of emitter current and collector voltage not only provides for low 
input and high output impedances, but also minimizes output distortion 
for large signal variations. 

In addition to minimum bias variations, the current gain must ideally 
be constant with frequency to as high a frequency as possible. Therefore, 
for maximum transistor frequency response, the base-transit time should 
be small. However, this by itself is not sufficient for frequency per- 
formance. Additionally, both the input and output capacitances must 
be as small as possible to eliminate high-frequency bypassing effects. 
Also, at the higher frequencies, the base resistance rj results in unwanted 
signal-power loss, thereby reducing the over-all power gain of the device. 
Thus, r, should be designed to be as small as possible. 

From the standpoint of power rating, we have already mentioned the 
importance of high current gains at the larger emitter currents. To 
permit the transistor to operate at some high output power level, it is 
necessary to be able to apply as large a collector voltage as possible. 
Therefore, for the ideal transistor, the collector breakdown voltage ratings 
must be as large as possible. The combination of Jz and V¢ will increase 
the operating temperature of the device so the maximum temperature 
that the semiconductor material can withstand before losing its extrinsic 
properties becomes an important design consideration. Also, as explained 
earlier, the Iczo current represents useless power loss and should be 
designed to be as small as possible at high temperatures. 

In applications where junction transistors are used as switches, most of 
the foregoing requirements are also applicable. In certain cases, as we 
will see later, it is necessary to restrict beta to low values in order to 
minimize minority-carrier storage after the switching pulse is removed. 
Additionally, for a good switching transistor it is required that the series 
resistance of the emitter and collector regions be as low as possible to 
provide a low Vergar. 
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The transistor designer is faced with the problem of trying to optimize 
these parameters to attain performance as close to the ideal as 
possible. Unfortunately, this is not easy. Since each specific param- 
eter is related to the properties and geometry of the actual transistor 
structure, it is not possible to optimize without getting into conflicting 
requirements. Thus, compromises must be made, consistent with the 
objective electrical specifications. Furthermore, although the design 
theory may show that it is conceivable to obtain a junction transistor 
approximating the ideal, it may not be too practical to properly fabricate 
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Fig. 7-15. Junction-transistor design. 


such a device within the limitations of the state of the transistor art. . As 
was pointed out in Chap. 1, there exist today several basic processes for 
making junction transistors, each yielding different impurity structures. 
lor each type, however, certain electrical parameters must be sacrificed 
for the sake of others. Therefore, for some circuit applications, one 
process type may be more suitable than another. In the chapters to 
follow, the design expressions for the parameters we have discussed will be 
developed and related to such factors as physical dimensions, resistivity, 
lifetime, impurity concentration, and geometry. The transistor design 
problem, therefore, becomes a problem of balancing, as illustrated 
pictorially in Fig. 7-15. The foregoing is exclusive of the problems of 
processing, surface treatment, reliability, thermal transfer, packaging, 
ote,, which are not covered in this text, 
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PROBLEMS 


7-1, A germanium n-p-n transistor is connected into the following circuit at room 
temperature: 






oe 
Pek} 
A-c signal 10,000 ohms esi ohms 
V — 4 
= ee: Vee=20 volts {| Vec=|5 volts 


For a = 0.985, determine the direct emitter current Jz, the direct collector current 
Ic, and the d-c collector voltage Vc. What is the power gain of the circuit in decibels 
at very low frequencies? [Nore: Power gain in decibels is defined as G = 10 log 
(Pour/Pin). Also, re = kT/qTx.] 

7-2. A silicon n-p-n transistor is made by the epitaxial process so that step junctions 
are obtained. The following resistivity data are known: pre = 0.001 ohm-cm, pp = 
0.5 ohm-cm, and pac = 8 ohm-em. For an area equal to 100 mils*, what are the 
collector capacitance at Vc = +10 volts and the emitter capacitance at Ve = +1 
volt? 

7-3. A germanium p-n-p alloy transistor is fabricated using a 2-ohm-cm n-type 
pellet. The emitter and collector resistivities are negligibly low. For a base width 
of 0.5 mil, determine whether the transistor is limited by punchthrough or avalanche 
breakdown at room temperature. 

7-4. For a transistor whose alpha is constant for all values of current and voltage, 
show that the collector current in grounded-emitter configuration is Iczo = Iczo/ 
(1 — a) for the condition that the base is open circuited. 

7-5. Show that the a-c resistance of a forward-biased emitter junction is given by 
re = kT'/qIn, where Ix is the direct emitter current. 

7-6. For the transistor of Prob. 7-3, determine the grounded-emitter reverse 
leakage current Iczo at 70°C and Vc = —5 volts. Assume that the concentration 
of holes at the base-region side of the emitter junction is equal to 10 per cent of the 
equilibrium value p», and that Ly, >> W. The junction area is 500 mils?. a = 0.98 
and is constant with current and temperature. 
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Junction Transistor Theory 





8-1. The One-dimensional Model. An analysis of the junction tran- 
sistor, exact and complete to the last detail, would be extremely complex 
and would actually obscure some of the more obvious mechanisms char- 
acteristic of the device. A thorough treatment would, of necessity, 
include motion of carriers in three dimensions, surface effects, drift 
currents associated with injection levels, variations of semiconductor 
bulk properties, frequency characteristics of distributed parameters, 
ete.* Such a treatment would be quite formidable, if not almost 
impossible, to present. Fortunately, the application of sound engineer- 
ing approximations and assumptions enables us to formulate a simple and 
basic model of the transistor which lends itself to easy analysis. Other 
additional effects can be systematically considered, analyzed, and added 
as building blocks to the foundation afforded by the simple model. 

This chapter will therefore present the one-dimensional analysis of the 
junction transistor, similar to that done for p-n junctions where only the 
cffeets of diffusion of carriers were considered. Although a p-n-p model 
is used, the results will apply equally well for an n-p-n with proper inter- 
change of notation. The theoretical results to be obtained will be of the 
first order, but will significantly illustrate the theory of current gain. 
‘he theory to be presented herein is based primarily on that introduced 
by W. Shockley and E. L. Steele.?-5 

The simplest structure to consider would be similar to the p-n-p model 
discussed in the previous introductory chapter. The one exception, how- 
ever, is that in order to facilitate a one-dimensional analysis, we must 
formulate a semi-infinite structure as shown in Fig. 8-1, such that it can 
be assumed that the carriers move in the x direction only. In this semi- 
infinite case, the surface boundaries are sufficiently far away in the y and z 


* References, indicated in the text by superscript figures, are listed at the end of 
the chapter. 
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directions that they do not contribute to the problem. In Fig. 8-1, the 
emitter junction at xz is forward-biased with the potential Vz such that 
the total input emitter current is Jz. The voltage Ve reverse-biases 
the collector junction xc; the collector current is designated [¢. Both the 
emitter and collector regions are of low resistivity, making them highly 
ptype. The n region is of moderate resistivity and of thickness W, equal 
to z¢ — tz. All ohmic contacts are assumed to be infinitely far away. 

8-2. p-n-p Energy-potential Diagrams. From the energy-band point 
of view, the Fermi levels (at thermal] equilibrium) for the p regions in our 
transistor model would lie very close to the valence-band edge, while the 


————>-x direction 


kw 





Fig. 8-1. The p-n-p junction transistor. 


Fermi level for the n-type base region would be closer to the conduction 
band. As we have seen, the deviations of the Fermi level from the middle 
of the band gap (intrinsic position) are dependent on the impurity con- 
centration and therefore on the resistivity. In order to adequately 
correlate the energy-potential diagram for the p-n-p transistor with the 
applied voltages, it becomes convenient to plot the diagram in terms of 
hole energies upward, rather than for electron energies, as has been done 
previously. This results in an inverted band picture with the valence 
band on top. Thus, for equilibrium, i.e., without applied voltages, the 
diagram for the p-n-p appears as in Fig. 8-2a. Since the Fermi level must 
be constant completely across, we have the contact potentials at the 
junctions (¥, — ¥») as shown. The n-region potential is slightly more 
positive than that of the p regions, which we have seen is the case for 
equilibrium p-n junctions. 

When the voltage biases shown in Fig. 8-1 are applied with the base 
region maintained at ground potential, equilibrium conditions no longer 
hold and the diagram appears as in Fig. 8-2b. The emitter region is 
raised by a potential Vz, thereby reducing the base-to-emitter potential, 
making it easier for holes to be injected into the base region. The col- 
lector region is made more negative than the base (reverse bias) by the 
potential Ve. Because of the concentration gradient in the base region, 
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the injected holes diffuse across to the collector junction, whereupon they 
are easily swept across into the low-potential-energy region of the col- 
lector. As in Chap. 5, the departures of carrier concentration from 
equilibrium values are depicted by the quasi-Fermi levels, which are 
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Vig, 8-2. Energy-potential diagram for the p-n-p transistor. (a) p-n-p transistor at 
equilibrium; (b) p-n-p transistor with applied bias. (After W. Shockley.) 


shown in Fig. 8-2b. That the curves have the shapes shown will be 
proved in the next section on the discussion of the assumptions for the 
analysis. 

8-3. Assumptions and Boundary Conditions. To simplify the analysis 
it is necessary to make important assumptions concerning the charac- 
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teristics of our one-dimensional model. These assumptions are similar 
to those stated for the p-n junction and are as follows: 

1. The conductivities of all regions are sufficiently high so that we may 
assume that all the applied voltage is dropped across the transition 
regions. This means that the carriers diffuse in regions where the 
electric field is zero. 

2. The widths of the transition regions are very much smaller than the 
diffusion lengths L, and L, for the carriers, so that no recombination 
occurs within the transition regions, making the currents constant 
through them. 

3. The lengths of the p-type emitter and collector regions are greater 
than the minority-carrier diffusion lengths, so that at both ends the 
carrier concentrations are the equilibrium values. 

4. The density of holes injected into the base region is small compared 
to the majority-carrier density there, so that drift effects are negligible. 

5. The junctions are step junctions, i.e., the transitions from p type to 
n type are abrupt. 

Referring again to Fig. 8-2, on the basis of assumption 1 we would 
expect that the electrostatic potential lines (and band edges) are constant 
outside the transition regions as shown. Since electric field is the deriva- 
tive of potential, 6 = 0 outside the junctions. Assumptions 2 to 4 explain 
why the quasi-Fermi levels have the shapes indicated. If the hole con- 
centrations in the emitter and collector are very much greater than the 
electron concentration in the base, the condition of a small injected hole 
density does not appreciably alter the initial concentrations from the 
equilibrium values. Therefore, in the emitter and collector regions, the 
quasi-Fermi levels for holes ¢/,, and ¢/,, are shown to be the same as the 
equilibrium levels ¢p. and @p., respectively. To account for the injected 
hole density in the base region, ¢’,, is extended across to the collector, on 
the basis of assumptions 2 and 5. _ If there was appreciable recombination, 
¢,, would slope down slightly towards the collector. At the collector 
junction, ¢/,, drops rapidly within the transition region to the level ¢j,. 
Under these applied bias conditions, electrons will flow from the collector 
to the base and also from the base to the emitter. Again, since we are 
dealing with small densities, the equilibrium concentration in the base 
region is hardly disturbed, and ¢/,, is shown the same as ¢,». Since the 
electrons recombine with holes as they diffuse in the collector and emitter 
regions, the quasi-Fermi levels for the electrons ¢j,, and $1, are shown 
decreasing to the equilibrium levels, as dictated by assumption 3. 

As in Chap. 5, the quasi-Fermi-level argument enables us to postulate 
the important boundary conditions concerning the carrier concentrations 
at the junctions for nonequilibrium voltages. Although the analysis will 
not be repeated here, we have seen that for the holes in the base region, 
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the concentrations are given as 


DP = Pret’ elk? at emitter junction (8-1) 
Dp = Dapeat ee at collector junction (8-2) 


where py» is the equilibrium hole concentration in the n-type base region 
and Vz and V¢ are the d-c emitter and collector voltages, respectively. 
Similarly, the electron concentrations in the p-type emitter and collector 
regions will change exponentionally with voltage. For the p-n-p transis- 
tor, the boundary conditions for the minority-carrier concentrations at 
both sides of the junctions are summarized in Fig. 8-8. At the collector 


— Holes 
-—-Electrons 


Minority carrier 
concentration 





Fie. 8-3. Boundary conditions for minority-carrier concentrations for the p-n-p 
junction transistor. 


junction, x = 2c, the hole and electron concentrations are almost zero 
because of the large reverse bias —V¢. It should be noted that n,, and 
Nye are the equilibrium electron concentrations (minority carriers) in the 
emitter and collector regions, respectively. 

8-4. Emitter and Collector Currents. In order to obtain the expres- 
sions relating the input and output currents to the voltages for the p-n-p 
transistor, we must first solve the familiar equations for the prescribed 
boundary conditions. These equations, for one dimension, are: 








Saude ae Oe Sos 
Lage Nis ty an 
and a =. (8-4) 
where rp, T, = lifetime for holes, electrons 
J», Jn = hole, electron current density, amps/cm? 
‘rom Eqs. (5-31) and (5-32), the current densities are: 
d 
Jy = —qDy = + auypt (8-5) 
dn 
Jn = dDn Fe + qunné (8-6) 
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Since we are assuming that the carriers move principally by diffusion, or 
that the electric field & is zero, (8-5) and (8-6) become 


d 

Jp = —qDy (8-7) 
dn 

Us inetd qD, dx (8-8) 


Taking the first derivatives of Eqs. (8-7) and (8-8) and substituting the 
results into the continuity equations (8-3) and (8-4), we obtain the simple 
diffusion equations for one dimension 





ht ae Mas PM : 
* da Tp wi Gt =) 
an n=, dn 
a a dt eH) 


The solutions of these equations yield the carrier concentrations as 
functions of distance 2, which, when substituted into Eqs. (8-7) and (8-8), 
give us the desired currents. 

Equation (8-9) will be solved first for the steady-state diffusion of holes 
in the n-type base region. Since, for the d-c case, dp/dt = 0, (8-9) 
becomes, for the base region, 


ap p— Pw _ 


where L,»?, the diffusion length, has been substituted for D,r,. The 
general solution for (8-11) is 
DP — Dap = Act + BetlLor (8-12) 


To solve for the constants A and B, we make use of the boundary 
conditions. At x = ap, the base-region side of the emitter junction, 


= Xr p= Duper’ #/kT 
and (8-12) becomes 
poo(erV#/kT — 1) = Ae-*allo + BerslLo (8-13) 
Also, at x = ac, the base-region side of the collector junction, 
ZT=2e p= pe troll” 
and Dalek? — 1) = AemtelLp + BerclLos (8-14) 


However, tc = «2 + W, where W is the thickness of the base region, 
and (8-14) becomes 


Dav(e eV olkT — J) = Ae wtW Lyn 4. BeltwtW) Ly (8-15) 
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Solving Eqs. (8-13) and (8-15) simultaneously for A and B, we obtain 


Dno(erV o/kT = 1)eW/ Le a Dua(e—2V clkt — 1) 
t ee W)/Lpy — e— (eet W)ILye 


Duv(eVa/kT = Le W/L = Duo (e~2V clk? — 1) 
FA E(tE-W)ILpp — ¢(tetW)/Lyp 


A 





(8-16) 


B 





(8-17) 


Factoring «“ and ¢# from the denominators of (8-16) and (8-17), 
respectively, and replacing the remainder with the hyperbolic sine, we 
obtain 
Dnv(etV HAT — ])eetW)/Lpy — py y(e-aVclkT — ] Jezel Lp» 

2 sinh (W/L) ; 
Dno(etV B/E? as 1)e—@atW) /Lpo _ PDnb(e—2V o/kT mat 1)e~*8/ Lye 


—2 sinh (W/L) 


A= 





(8-18) 





pe (8-19) 
Substituting these terms into the original equation (8-12) and simplifying 
the final results, we have 


> ee Pno(e*¥el*? — 1) sinh [(x — xe)/Ly) 
sinh (W/L) 
_ Puo(etV2/*? — 1) sinh [(t — tz — W)/Lyp] 
sinh (W/L) 








(8-20) 


which is the desired solution. To obtain the hole component of the 
emitter current, Jpz, we evaluate Eq. (8-7) at x = zz. 


Jax eee (8-21) 


Pile mtg 


‘Taking the derivative of (8-20), we get 





dp 1 pater — 1) cosh [(x — 2xz)/ Lp] 
ae Sls sinh (W/L) 
_ Pra(et2'*? — 1) cosh [(z — tz — W)/Ly) 
sinh (W/L) } 2 





'valuating (8-22) at « = wz, substituting into (8-21), and simplifying, 
we obtain, finally, 


Jon = QD Pro | _ (e-aVclk? — ) Weed + (eaValkT — 1) coth Ww 
tes i Da 
(8-23) 


‘This equation gives the current density due to holes that diffuse into the 
hase from the emitter junction. 

The hole current at the collector junction is derived by evaluating Eq. 
(8-22) al @ = ae, noting that a¢ — vy @ W, and substituting the result 





———— 
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into (8-7) as before. In similar manner we obtain 


Sete QD wPnv | _ (e—wVelkT — }) seth + (eaValkT — }) eke 
Lp Lipp Lp 


(8-243 


To complete the picture for the junction currents, it is necessary to 
obtain the relations for the electron components. At the emitter junc- 
tion, the forward-bias current consists of electrons injected from the base 
into the emitter region where they recombine with holes back to the 
equilibrium value n,.. Similarly, at the collector junction, the reverse- 
bias current consists of those electrons which are swept across the junc- 
tion from the equilibrium level n,,.__ These electron currents were shown 
in the minority-carrier diagram of Fig. 8-3. The general diffusion 
equation for electron flow in either the emitter or collector region is of 
the form 

an N— Np 


where L, is the diffusion length for electrons in the p regions. Actually, 
we see that this equation is identical to that used in Chap. 5 for solving 
for the electron current in the p-n junction. Since our assumptions here 
involve similar boundary conditions as well as the fact that the thickness 
of the emitter and collector regions are very much greater than the 
diffusion lengths, we may write the solutions without further analysis. 
At the emitter junction, the electron current density is 


Jaz = eee (valk? — 1) (8-26) 


Also, the electron current density at the collector junction becomes 


tae =o aie (e-aVelk? — 1) (8-27) 


Having established the relationships for the hole and electron current 
densities at the particular junctions, we can now write the complete 
expressions for the emitter and collector currents. The total current 
densities are given as 

Ja = Jon t+Jnz (8-28) 
Jo J pc ={= Jne (8-29) 


where J, is the emitter current density, and J¢ is the collector current 
density, Substituting Wqs. (8-23) and (8-26) into (8-28), and Hqs. (8-24) 
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and (8-27) into (8-29), we get, finally, 


ne e D V 
Tate qD Np QQ) pbP nd tl V VelkT 
( hie Ly» E) te " 1) 





QD pePnv WwW ond 
AT te es hg Fath) GRBO) 


D Ww 
Jn pee te eT 
a Ly ce ae eon ear 





GDretze , ID ePn W 
=e ( ie et ‘isi  coth Ee) (e-WelkT — 1) (8-31) 


‘These are the fundamental transistor current-density equations which 
characterize the operation of the p-n-p junction transistor, and from 
which the expression for current gain will be obtained. 

8-5. Current-gain Theory for Uniform Bases. The expressions for the 
emitter and collector current densities obtained in the previous section, 
viz., Eqs. (8-80) and (8-31), are for the transistor model in which the 
impurity concentration is uniform throughout the base region. This is 
the model that one uses when analyzing nondiffused transistor structures 
such as alloy and double-doped transistors. In this section we shall 
develop the theory of transistor current gain (alpha) for the transistor 
with the uniform base. 

In Chap. 7, the current gain a for the grounded-base configuration 
was defined as 

a= te 
ln Vc =const ood) 
which we see is simply the ratio of the collector current to the emitter 
current. To relate a to the physical parameters of the transistor we 
inake use of the total current density Eqs. (8-80) and (8-31). Assuming 
that the magnitude of e~7”¢/*? ig negligible under normal operation and 
eliminating (e?”4/*? — 1) between Jz and Jc, we have 


Je — (qDypuv/ Lp) esch (W/L) 
(Dre pe/Lne + (GD Pns/ Ly) coth (W/L yp) 
ht Jeo Pe LGD sen pe) Line xis (qD ppns/Lyp) coth (W/L »)] 











(qDyopuo/Ly) esch (W/L) sh 

Solving (8-33) for J¢ and differentiating with respect to Jz, we obtain 
a alc = de #* (qD pPnv/ Ly) esch (W/L) 8-3 

Az ~ AJy ~ GDratge/ Ine + (QDesPno/ Lys) coth (W/Lm) 34) 


Kteplacing esch (W/L ») by its identity, coth (W/L ») sech (W/L), we 
wel, finally, 

ts sech (W/L) = 8 35 

TF (Doe/Dyp)(ge/Pee)(Lyp/ Lina) tah (W/L) 89) 
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For the case of W/L» K 1, Eq. (8-35) reduces to 


sech (W/L) 
* = TF (Dne/D pe) (Mpe/Dnd) (W/ Line) (8-36) 


This is the general equation for alpha, the ratio of the collector current 
to the emitter current. Inspecting this result, it is seen that it is of the 
form 











a = yb* (8-37} 
1 
ie Es 8- 
where 1 TDD a in BU Lad) Cees 
and Br= sech (8-39) 
pb 


The significance of Eqs. (8-38) and (8-39) will be studied independently 
in the sections to follow. 

a. Emitter Efficiency. As was pointed out in Chap. 7, the emitter 
efficiency 7 is defined as the ratio of the injected hole current to the total 
emitter current (for p-n-p), or in terms of densities, 

J pk J of 1 

ese = 8-40 
7 Jr Jpze t Junk 1+ Snz/J pe ( ) 
Thus, for a p-n-p transistor, when the electron current injected into the 
p-type emitter approaches zero, the emitter efficiency approaches unity, 
indicating 100 per cent injection efficiency. If the lifetime for holes in the 
base region is large, so that L» > W, then the hole-current density from 

Eq. (8-23) is approximately 
Jon = LEP e govae (8-41) 








One recalls that this result is equivalent to that which was obtained for 
the p-n junction. ‘This is understandable if we consider the collector 
junction to behave like an ohmic contact. The one difference, however, 
is that the hole concentration is considerably less than the equilibrium 
value because of the reverse bias. In any case, Eq. (8-41) is applicable, 
since the hole concentration injected into the base is much greater than 
either prs or pave 2V°/*?. 

Similarly, the emitter electron current density Jnx is given by Kq, 
(8-26) as 

Jag = PDetties avant (8-42) 
Substituting Eqs. (8-41) and (8-42) into (8-40) and simplifying, we obtain 
the same result as given by Hq. (8-38). Thus, the y term in the alpha 
expression corresponds to the emitter efficiency, 
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The emitter-efficiency expression may be more conveniently repre- 
sented in terms of the emitter and base resistivities p. and ps, where 








Pe ; = 8 (8-43) 
GWHpePpe J Mpeti” 
2 1 Pni 
aie =z : (8-44) 








QBnbMnb bnbni? 


for the reason that np = n*. Applying the Einstein relationship, 


ag ae : 
w= TF D, to the mobilities and solving for n,, and pn», we get 


rag 
Nove = TH Ni? D pepe (8-45) 
Be 
Pn = kT ni? Davpo (8-46) 
Taking the ratio pe/p»» and substituting into Eq. (8-38), we get the 
complete expression for emitter efficiency. 


£ =! 1 
YT + (DpeDne/DiwD p) (00/0) (W/Lne) (8-47) 


If the mobilities in the emitter and base are a 
ssumed to be equal, Eq. 
(8-47) reduces to the familiar form: . ‘ 





ae a Oe 
Td epee Ce we) 


This is the equation used most often for calculating the emitter efficiency 
of a transistor. Examining this final expression, we see that for y to 
approach unity, the ratio of the emitter resistivity to the base resistivity 
must be as small as possible. Also, the minority-carrier lifetime in the 
emitter region must be as large as possible. Essentially, we are minimiz- 
ing the forward-biased electron current from the base penton 

Although for most well-designed junction transistors y is close to 1, its 
effect on alpha cannot be neglected. Particularly at higher currents the 
change in y becomes so significant that it dominates the GES 
characteristic. The variation of y with current density will be studied 
in Chap. 10. 
b. Base-transport Factor. Referring again to the general expression 
for alpha given by Eq. (8-37), we see that the remaining term is given as 


oY 


WwW 
B* = sech me (8-49) 


where W is the base width and LL, is the hole diffusion length in the base 
region, It follows from the definition of alpha that 8* must represent 
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that fraction of the injected hole current that appears at the collector 
junction as current. In a sense, 8* depicts the probability that the hole 
carrier will reach the collector without recombining in the base region. 
Therefore 8* is referred to as the base-transport factor. It is apparent 
that for B* to approach unity, W must be small compared to L,». Since 
Ly = V Dt, the minority-carrier lifetime in the base region must be 
as high as possible. It should be pointed out here that for a given base 
width W, the base-transport factor will decrease as the base impurity 
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Fic. 8-4. Base-transport factor as a function of width-to-diffusion-length ratio (6* = 
sech W/L). 


concentration increases, since both Dy» and 7,» decrease with doping. 
For purposes of design calculations of 6*, a plot of the hyperbolic secant 
of W/L is given in Fig. 8-4. For g* to exceed 0.9, 1t 1s seen that the 
diffusion length must be at least 2 to 3 times larger than the base width. 
For the small values of W/L usually encountered, it is often useful to 
replace sech (W/L) by its first-order series expansion, so that 


Pe 8-50) 
epg > 1 eT 3(75) ( 


c. Collector Multiplication. As was mentioned in the previous chapter, 
it is possible for the total collector current to be greater than the hole 
current arriving at the collector junction. This gives Taae to an additional 
parameter, a*, the collector multiplication ratio. This multiplication 
effect shows up only in junction transistors for which the collector 
resistivity is of the order of several ohm-centimeters or more. In such a 
case, the concentration of holes entering the collector region from the 
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base may not be negligible compared to the majority hole concentration 
there. Consequently, charge neutrality in the collector is upset and the 
minority electrons must therefore establish a concentration gradient equal 
to that of the holes, creating an electric field. Thus we have a situation 
similar to that of the high-level injection condition for the p-n junction 
rectifier given in Chap. 6. However, because of the reverse bias at the 
collector junction, the electrons from the p region are swept across as 
current. Thus the total collector-junction current becomes greater than 
the hole current reaching the junction. To determine the expression for 
a*, one must take into account the drift currents in the collector region. 
It has been shown that® 


Nockne 
Riiitek <heaaan! ae 8-51 
Ppck pe aan ( ) 
at x 1 4. Padre n-p-n (8-52) 
NpcKne 


In other words, a* is related to the ratio of the minority-carrier concentra- 
tion to the majority-carrier concentration in the collector region. For 
very heavily doped collectors such as are found in alloy transistors, 
a* = 1. For epitaxial transistors, where the collector resistivity is 
higher than that of the base, a* may be slightly greater than 1. Taking 
this into account, the over-all alpha for a junction transistor is 


a = 7B*a* (8-53) 


One sees that if a* is sufficiently greater than unity, the over-all alpha 
may exceed 1. This leads to gain instability when the transistor is 
operated in the grounded-emitter configuration. Nevertheless, it should 
be evident that e* is closer to 1 for silicon than for germanium, since the 
minority-carrier concentrations are considerably smaller for a given 
resistivity. Further, for germanium transistors, a* does not appreciably 
affect w until the collector resistivities exceed about 5 ohm-cm. 

In addition to the collector multiplication just described, there exists 
another current-multiplication effect, due to carrier ionization in the 
depletion layer as the collector voltage is increased toward the avalanche- 
breakdown value. This was discussed in Chap. 6 under the subject of 
reverse-voltage breakdown. Thus, for transistor operation in the region 
close to breakdown, the over-all alpha must be multiplied by the factor M 
us given by the curves in Fig. 6-11. 


a = 76*a*M (8-54) 

If we assume that a*M = 1, we may finally write 
= poW a ae Ws 55 
a (1 r or) (1 2L5y? ss BS) 
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which is one of the most fundamental junction-transistor design equa- 
tions. In summary, it is seen from Eq. (8-55) that current gain is 
maximized by establishing thin base widths, high lifetimes, and low- 
resistivity emitter regions. 

8-6. Cutoff Frequency for Uniform Bases. It is recognized that the 
minority carriers diffusing across the base region have a certain inertia 
associated with their effective masses and mobility. If the frequency of 
the voltage applied to the emitter junction is increased, a point is reached 
where the carriers do not respond instantaneously to the applied signal. 
This manifests itself in a physical lag or phase shift such that recom- 
bination is increased and the current gain starts to fall off. Since this 
phenomenon is associated with the carriers in the base region of the 
transistor, we must analyze the frequency response of the base transport 
factor B*. Chapter 13 takes into consideration the frequency variation 
of y. By definition, the frequency at which B* falls to 0.707 of its low- 
frequency value g* is called the base-cutoff frequency fo. 

To facilitate the frequency analysis of the one-dimensional model, we 
may insert, in series with the d-c voltage Vz in Fig. 8-1, a small a-c signal 
generator equal to ve, where v- is the amplitude and w = 2nf. Thus 
the total voltage is of the form 


V = Vat vei i 


This equation implies that the solution to the diffusion equation will now 
have both d-c and a-c solutions. Repeating Eq. (8-9), we have 


2 ag Do Pe! - 
Dy» Ey T pb re ot 8 oq 


where p is now a function of x and ¢. A general solution for this dif- 
ferential equation for both direct current and alternating current is: 


DP = Dae + Pace”! (8-58) 

If we differentiate Eq. (8-58) with respect to time, we get the general form 
Op _. e 

ap ee (8-59) 

Substituting this result into Eq. (8-57) and letting Lp? = Dp», we get, 

finally, 

ap _(L+iem\ » - 

dx? ( Lon? p=0 (8-60) 


Examining Eq. (8-60) and comparing it to Eq. (8-11), we see that the 
solutions would be identical provided that each diffusion-length term 
Ly» is multiplied by (1 + jor»). ‘This is the complex function which 
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pees the ike ote variation into the final solutions of the diffusion 
equation. onsequently, the exact expressi 
i cet Mert ; pression for the base-transport 


a Ww ‘ 
B* = sech [z a+ jenn) | (8-61) 


Re: ‘ii igen by substituting the complex function for L,, in Eq 
(8-49). At very low frequencies such that : 
piste wr pp K 1, Eq. (8-61) becomes 


Ww 
a 
B* = sech om (8-62) 


where Bo denotes the low-frequency value. Equation (8-62) is identical 
to the original Eq. (8-49). If the terms of Eq. (8-61) are rearranged 

that they are in the form of [sech (a + jb)] we may write aie rf, 
hyperbolic secant of the absolute magnitude of (a + 7b), which Pe 


Ww2\% 
B* = sech (or 1) = sech (wt,)” (8-63) 


where w = signal frequency 
Tp» = lifetime of base region 
Ly» = diffusion length 
is W = thickness of base region 
Che term r,,W2/L»? may be regarded as the transit time for carriers f 
the base region. Thus, from Eq. (8-63), we have ie 


h = ie (8-64) 


where & is the base-transit time. From this equation, at a frequenc 

wp such that wy = 2.43, the magnitude of * is 1/+/2 pind is nti 0 707 
or 3 db below its low-frequency value 6*.7 This frequency w» is defied as 
the base-cutoff frequency for the transistor. Since wt, = 2.43, we have ; 


_ 2.43D_ 
fo = 2a W2 





(8-65) 


Using the Binstein relation D = “2 
g instein relation D = 7 u, Eq. (8-65) becomes, for room 


leomperature, 





3 0.01up» 
e Ww p-n-p (8-66) 
jl 0.01 uns 
b= 7s n-p-n (8-67) 


ae) we see that base cutoff varies inversely as the square of the base 
width W and is directly proportional to the minority-carrier mobility. 
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The important point to note, however, is that f, is independent of the 
lifetime of the base region. This is not surprising, since frequency 
response is a measure of how fast the carriers diffuse through the base, and 
as long as the width is small compared to a diffusion length, fs should 
depend primarily on the carrier mobility. It is apparent that for all 
things being equal, an n-p-n junction transistor will have a higher base- 
cutoff frequency than a p-n-p, since the electron mobility is higher than 
the hole mobility. On the same basis, a germanium transistor is superior 
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Fig. 8-5. Base-cutoff frequency constant at room temperature (F =fiW?). 


to a silicon transistor because of the larger mobility values. This is 
clearly shown in Fig. 8-5, where Eqs. (8-66) and (8-67) are evaluated for 
both germanium and silicon in terms of the respective room-temperature 
minority-carrier mobilities as functions of base-impurity concentration 
Nz. In Fig. 8-5, the factor F is equal to f,W’, where fy; is in megacycles 
and W isin centimeters. Since the mobility drops with heavier doping, 
the frequency of base cutoff will decrease with resistivity, assuming that 
the base width is maintained constant. 

8-7. Current-gain Theory for Graded Bases. In the one-dimensional 
analysis of current gain given in Sec. 8-5 for a p-n-p junction-transistor 
model, it was assumed that the impurity concentration in the base region 
was uniform. Further, it was assumed that the injected hole con- 
centration was small compared to the majority-carrier concentration (this 
equals the base donor-impurity concentration) in the base region, so that 
the holes moved principally by diffusion in a region where the electrie= 
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field intensity was virtually zero. In other words, we considered a 
low-level injection case, where carrier drift effects were negligible. 
Neglecting collector multiplication, it was shown that alpha is 


2 =a” (8-68) 


where y is the emitter efficiency and 8* is the base-transport factor. 
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‘iq, 8-6. Junction transistor having a graded base layer and a graded collector 
junction (p-n-p). The diagram shows the introduction of a built-in electric field. 
(a) Net impurity concentration; (b) energy-band diagram at equilibrium for constant 
ermi level. 


The situation for diffused-base transistors having a nonuniform or 
wraded base layer is somewhat different, due to the addition of another 
effect. Let us consider a p-n-p junction-transistor model having a step 
emitter junction and a graded base layer given by the impurity dis- 
iribution N(a). ‘The latter is strictly a general impurity distribution and 
not confined to any particular distribution such as the linear, error func- 
lion, or gaussian. The net impurity concentration as a function of dis- 
tance along the transistor is given in lig. 8-6a, where N; denotes the 
impurity concentration just at the base side of the emitter junction. At 
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x = W, the collector junction is shown to be graded, although this is not 
pertinent to the problem of determining alpha. 

If no bias is applied to this model, the energy-band diagram at equi- 
librium appears as shown in Fig. 8-6b. The Fermi level is drawn as a 
constant-energy reference across the entire length of the transistor 
structure. Consequently, the energy bands are shifted in energy (or 
potential) to account for the carrier concentrations in the various regions. 
In the emitter region, which is usually doped very heavily p type, the top 
of the valence band is drawn very close to the Fermi level. In the col- 
lector, which is not quite as p type as the emitter, the valence-band edge 
is further away from ¢. Within the base region, however, the con- 
ductivity is n type and therefore the bands must shift to bring the bottom 
of the conduction band closer to the Fermi level. The important point 
to note is that because the carrier concentration in the base is nonuniform 
due to N(x), the energy bands will bend in accordance with the grading 
N(az). Near the emitter junction, the conduction band is closest to ¢, 
since N(x) is at its maximum value N’. As the collector is approached, 
the conduction band moves farther away, until at c = W, ¢ lies midway 
between the bands, corresponding to the intrinsic position. The reader 
will note that the base region is bounded by the points where the Fermi- 
level potential ¢ just equals the intrinsic electrostatic potential y. These 
are the junction crossover points. 

A comparison of Fig. 8-6b with Fig. 8-2a clearly shows the effect of the 
base gradient. In the case of the latter, the electrostatic potential y is 
constant within the base region, so that the term dy/dz, which is the 
electric field, is zero in the base region. However, for the graded base, 
the potential y is higher at the emitter than at the collector. Therefore, 
dy/dx has a finite value, which indicates the existence of an electric field 
within the base region. ‘This is a built-in field which arises to prevent 
the majority carriers from diffusing because of their concentration 
gradient dN(x)/dz.** This field, which keeps electrons in their place, is 
in such a direction as to aid the transport of injected holes. Thus, for 
the condition of low-level injection, the holes move by both diffusion and 
drift. It must be emphasized that all of the above is also applicable to 
n-p-n structures, wherein the built-in field is in the opposite direction and 
aids to injected electrons. 

To study the effect of the built-in electric field on a, we must first define 
& and then derive the expression for the hole current. From Tq. (5-10) 
we can write 

n = nyet—) [kT (8-69) 


or, for a graded base layer, 


n(a) = N(a) = myeat¥o—arler (8-70) 
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If we differentiate (8-70) with respect to z, we get 





dN (a) q ok d(x) 
dx ae fies dz ost, 
Since the built-in field & is 
dw (a) 
&=— 7 (8-72) 


we obtain, from (8-70) and (8-71), 


_kT 1 dN(z) 


oe aia) aa Stk 





This is the general expression for electric field as a function of any 
impurity distribution. To account for both diffusion and drift effects, 
the hole current density in a nonuniform base may be given by 


d 
Jp = quyp& — gD, SP (8-74) 


Substituting (8-73) into (8-74) and letting un, = (q/kT)D,, we have 








—— dp p adN(zx) 
te® “ie E + N@ de ee T8) 
Multiplying (8-75) by N(x) and integrating both sides, we obtain 

= J» i _ [7 a[pN()] 


If we insert the boundary condition that p = 0 at the collector, x = W, 
and solve for p, we get, finally,!° 


ealid ie 
p= 22 ats fi (2) de (8-77) 


‘This result gives us the hole concentration as a function of distance in the 
base layer. If we evaluate (8-77) at x = 0, where N(x) = N%, then we 
obtain the injected hole concentration. 


See eee 
P qD, Ne Jo x) dx (8-78) 
Lut if we assume from the quasi-Fermi-level argument that 


2 
LL (8-79) 


n 


p= Dnpedv alk? = 
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then by setting (8-78) equal to (8-79) we find that J, becomes 


> gD pniretV Ik? 


—— 8-80 
i ” N(x) dx Sao 


Pp 


We may now use these results to evaluate a for the graded base, using 
Eq. (8-68). The emitter efficiency y is defined as 


1 
1 iteoes wey 
For a uniform emitter with impurity concentration Nz, we can write 
immediately the electron current density J». 


J, = qPatoe qD ni? 


eWValkT — 


ne ne+VY E 


av nlk (8-82) 


Equation (8-82) assumes that the emitter-region thickness is much greater 
than the electron diffusion length L,.. Inserting (8-80) and (8-82) into 
the expression for y, we get 

i 


os W 
1+ aun fy N(x) d/ (qutpeN Le) 





(8-83) 


where the ratio D,/D, was replaced by pn/pp. Examination of this result 
reveals that it is of the form?® 





1 
oe Sep yay bee (8-648 
ya 1 _ PR 
where Rez => Gye eLne => i (8-85) 
fete : = Pal) (8-86) 


_ A 
dino i, Mz)de | 


The terms Rex and Rzz are referred to as sheet resistances and defined 
as the ohmic resistances as measured from edge to edge of a square sheet 
of material of a certain thickness z. Thus, Rez is the sheet resistance of 
the emitter having a uniform resistivity pz and a thickness equal to Lng. 
Rap is the sheet resistance of a base having a graded resistivity px(x) and 
a thickness W. The reader should note that for the uniform base, 
Rep = ps/W, and Eq. (8-83) simply reduces to the familiar form given 
by Eq. (8-47). (The subject of graded sheet resistance will be treated in 
greater detail in Sec. 9-6, where it will be shown how yp increases as & 
result of a graded impurity distribution.) Because of this, it is seen that 
the emitter efficiency is increased when the base region is graded, lor 
linear, gaussian, or error-function base distributions, if V4 is known, then 
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Ree may be calculated by the relations to be given in Sec. 9-6. Regard- 
less of any base impurity distribution, it is still required that the emitter 
doping be as heavy as possible for high emitter efficiency. This keeps the 
sheet-resistance ratio Rez/Rpez small. 

Having determined the relationship for y, we can now turn our atten- 
tion to the base-transport factor B*. One recalls that this is a measure of 
the fraction of the injected current that reaches the collector junction, or 
which is not lost by recombination in the base. For the uniform case 


this was given as 
W i W 2 
ot = ees ee La = 
B* = sech rar 1 5 (+) (8-87) 


where L,» is the diffusion length. For graded base layers, we would 
expect higher values of 6* for the same base width and lifetime as the 
uniform case. This is because the transit of the injected carriers is aided 
by the sweeping effect of the built-in field. We can estimate the increase 
in B* from Eq. (8-75), which is repeated here as 





= dp p_ dN (x) 
Jp= —Wyp gah GS <a (8-88) 
To a first approximation, the second term in brackets may be written as 
p/N'‘, X N’,/W, which is approximately equal to dp/dz. On an average 
basis, therefore, Eq. (8-88) is approximated by 


2dp 


Jp = —Wn 7 


(8-89) 
which indicates an effective doubling of the diffusion constant. Inserting 
this result into (70), we obtain, for nonuniform bases only, 


Ww 1/W 
mee bh ——— #1 — -( — - 
B sec ViLa Z (r) (8-90) 


In the final analysis it is seen that the introduction of a graded impurity 
distribution in the base layer will increase the over-all current gain a for 
(he junction transistor. 

8-8. Cutoff Frequency for Graded Bases.'? The most important 
contribution that the built-in field makes to the over-all electrical charac- 
(eristies of the junction transistor is a significant reduction of the transit 
(ime of the minority carriers in traversing the base region. This is a 
direet consequence of the superposition of the drift motion on the dif- 
fusion component, due to the additional force exerted on the carrier by 
the electric field. Because of this reduction in transit time, the frequency 
of cutoff for the base-transport factor is increased. If the emitter 
ofliciency y is considered to be constant for all frequencies, then for a 
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given base width we would expect a proportional increase in the base- 
cutoff frequency. In this section we shall show to what extent fy is 
increased for the various base-layer impurity distributions. 

Tn Sec. 8-6 it was shown that for the uniform base wherein the carriers 
move by pure diffusion, the frequency of alpha cutoff is 


os 





f= 5) (8-91) 
TT 
where 7 is the base-transit time. 
Ww? 
TS = De (8-92) 


Equation (8-92) is applicable to p-n-p types; for n-p-n structures Dy» is 
replaced by D,». We see from (8-91) that if 7, is halved, for instance, fy 
is doubled. 

From the study of drift mobility in Chap. 4, one recalls that the drift 
velocity for a minority carrier (e.g., holes) is 





UD = pS (8-93) 

where is the electric field. Assuming that mobility is independent of x, 
Py A The 

aioe -94 

= Fah Be) 90 


On the average, however, we can write that the transit time for a carrier 
to cross a distance W is 4} = W/vp or 


eal 


= —_ ~Q5 
ak (8-95) 


In Eq. 8-73 we saw that the electric field in a base region having a graded 
impurity distribution N (2) is given by 

ae kT 1 dN(z) 

q N(x) dz 

Although the impurity gradient in a diffused-base transistor follows 
either an error-function or gaussian distribution, it is a good approxima- 
tion to use an exponential function in order to simplify the analysis. 
Thus we may write 


(8-96) 


N(x) = Nge*/4 — Nac (8-97) 


where Npc is the impurity concentration just at the collector junction 
such that N(x) = 0 at x = W. Substituting (8-97) into Eq. (8-96) and 
simplifying the result to the first order, we get 


~ HEA N, 


8 = pln yt (8-98) 
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Inserting this result into Eq. (8-95), we obtain, finally, 


w2 


= Dela (5/Noo) i8-99) 


t, 
wherein we see that the transit time for a graded base is reduced by the 
factor In (N4,/Nzc). In terms of the base-cutoff frequency, as defined by 
Eq. (8-91), ‘ 


fi = fon xe (8-100) 


Thus we see that the drift field established by the graded impurity 
distribution enhances the cutoff frequency by a rather significant factor, 
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"ia. 8-7, Effect of various impurity distributions on base-cutoff frequency (low-level 
injection case). 


particularly when the N‘,/Nzc ratio is high. A plot of the function is 
viven in Fig. 8-7. Included in Fig. 8-7 is the frequency improvement 
obtained for the case of a linear base impurity grade.!° For the linear 
case, f; = fe. 

It should be pointed out here that the results shown in Fig. 8-7 are 
fairly approximate in that it is assumed that the mobility is constant 
(through the base layer. This is true only for the uniform case. In 
wraded bases, where V, > N zc, the impurity level at the emitter junction 
is greater than at the collector. Consequently, the minority-carrier 
mobility inereases from the emitter to the collector, so that p = f(x). 
This correction should be factored into the integration for transit time 
wiven by Iq. (8-94). Nevertheless, the results are reasonably accurate 
for most practical impurity ratios, since the mobility changes by a factor 
of at most 2 in this range. 

Another restriction on these results is the fact that the analysis holds 
only for low-level conditions, that is, when the injected carrier density is 
small compared to N{,. When this is not the ease, the aiding effeet of the 
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built-in field is swamped out by the electric field established by the 
majority carriers in the base. This is similar to the problem of the p-n 
junction at high currents and will be discussed in Chap. 10. 

Finally, it must be emphasized that it has been assumed that the 
emitter-to-base junction is a step junction. In certain diffused transistor 
structures, the emitter junction is slightly graded. Under these condi- 
tions, the maximum impurity concentration in the base N‘, does not 
occur at x = 0, but is shifted slightly towards the collector. Therefore, 
there exists an impurity gradient in the vicinity of the emitter junction 
which extends from x = 0 to the point where N(x) equals N’, and is 


Retarding) (Aiding) 


( 
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Collector 


Fic. 8-8. Effects of graded emitter junctions in diffused-junction transistors, 
illustrating the introduction of a retarding electric field in the base. 


opposite in slope to that which establishes the aiding built-in field. This 
opposite impurity gradient establishes, in the base region close to the 
emitter junction, an electric field which is retarding to the flow of injected 
minority carriers. Such an impurity distribution is shown in Fig. 8-8. 
The effect of the retarding field is to increase transit time and thereby 
decrease the base-cutoff frequency from the value predicted by the aiding 
field. Although this will not be analyzed here, it may be said that if N’, is 
sufficiently close to = 0 such that it is reached by the emitter depletion 
layer, the effect of the retarding field is negligible.? 

8-9. Emitter and Collector Junction Capacitances. The theory for 
the capacitances of the junction of the transistor is identical to that 
developed for the p-n junction in Secs. 5-8 and 5-9. For the emitter 
capacitance Cy, one can usually use the step-junction model for all 
transistor types, since the depletion-layer spreading is quite small at 
equilibrium or under forward-bias conditions. Thus, 


_ | qxeoN' " 
Cee a| Vr (8-101) 


where N = Nj, and Vris the emitter contact potential. For the collector, 
one may use Fig. 5-12 if the collector junction is a step or igs. 5-15 to 
5-30 for the graded case. 
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8-10. Impurity Profiles for Various Transistor Processes. To con- 
clude this chapter on the basic theory of the junction transistor, it is 
appropriate to include a clarification of the nature of the base impurity 
distributions (i.e., uniform, graded, linear) for transistors made by the 


Transistor Impurity Base impurity 
process profile distribution 
E Cc 
Double-doped Seis Uniform 
E ’ 
ri 
r Ee Cc F 
e (os < 
Meltback Me ge Linear 
E Cc 
Meltback-diffused ee mo ey ses Graded 
E Cc 
Grown-diffused Pica er ae ae Graded 
B 
E Cc 
Diffused-base alloy i ay 7 a Graded 
B 
€ Cc 
Alloy-diffused ao A = Graded 
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Fra. 8-9. Impurity profiles for various transistor processes, 


processes summarized in Table 1-2. The impurity profiles, from the 
emitter through the base to the collector, are summarized for each 
process in Fig. 8-9. No attempt was made to maintain the correct scale, 
particularly with regard to base width. 


PROBLEMS 

8-1. Determine the current gain « and base-cutoff frequency f, for a germanium 
pen-p alloy transistor having an effective base width of 0.6 mil. The base-region 
rosistivity is 2 ohm-em, the emitter- and colloctor-region resistivities are each 0,001 
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ohm-cm, the thickness of the emitter p-type region is 1.5 mil, and the minority-carrier 
lifetime in the base is 36 usec and in the emitter is 0.01 psec. 

8-2. A high-frequency amplifier p-n-p germanium mesa transistor is fabricated 
by diffusing antimony from a surface concentration of 1018 atoms/cm® to a base- 
junction depth of 1 » into a collector background of 1-ohm-cm p-type semiconductor. 
The measured base sheet resistance Rgz is 140 ohms. A nonpenetrating aluminum 
emitter stripe is formed such that the emitter resistivity is 0.0005 ohm-cm and the 
emitter thickness is 2,500 A. Assuming that the emitter and base lifetimes are suf- 
ficiently high so that no recombination occurs, determine the current gain and base- 
cutoff frequency of the structure. 

8-3. An n-p-n silicon planar-epitaxial transistor is fabricated by diffusing both the 
base and the emitter such that an effective base width of 1 » is obtained. If NZ = 
1016 atoms/cm’, what should the lifetime in the base region be to obtain a base- 
transport gain 6* equal to 0.975? (Assume uniform base mobility equal to that at 
N3-) 
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Characteristics of Junction Transistors 





9-1. D-C Transistor Parameters. In this chapter, all the principles 
applied to the characteristics of p-n junctions will be related to the theory 
developed for the junction transistor in Chap. 8 in order to give a quanti- 
tative description of the key d-c transistor parameters listed in Table 
7-1. This will yield design relationships for such major transistor 
characteristics as current gain, leakage currents, breakdown voltages, 
base resistance, and saturation voltages. As had been done previously, 
only the p-n-p model will be used as the basis of discussion; however, the 
reader should recognize that the results are applicable to n-p-n structures 
by appropriate reversal of polarities and electron and hole nomenclature. 

It is apparent that one of the most important physical parameters of 
any transistor is the thickness of the base region. This term, denoted as 
the base width W, appears in many of the basic parameter equations. It 
is essential to recognize here that when the symbol W appears in any 
equation, it represents the effective base width which is usually less than 
the physical equilibrium base width W,. The difference, i.e., the reduc- 
tion in base width, is attributed to the spreading of the junction depletion 
layers which, of course, is related to the junction impurity profile and the 
applied voltage. Thus, the effective base width must be determined 
before any transistor structure is analyzed for its major electrical 
characteristics. 

9-2. Beta, Grounded-emitter Current Gain. In circuit applications, 
junction transistors are commonly operated in the grounded-emitter 
configuration. By grounding the emitter and driving the transistor 
(through the base connection, one gains the advantage of considerably 
higher current gain. In Chap. 7 we learned that if the collector-to- 
emitter current gain is a, the collector-to-base current gain (beta) is 

a 


s= (9-1) 


l—a 
ivy 
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In this expression, as alpha approaches unity, the denominator becomes 
very small, and beta increases rapidly to large values. A useful plot of 
8 asa function of a is given in Fig. 9-1. Beta will increase by an order of 
magnitude as a is increased from 0.91 to 0.99. In Eq. (9-1), if @ is 
close to unity, beta is approxi- 
mated by 
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= (9-2) 
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bias which simply means that beta is 

80 equal to the reciprocal of the base 
@ 70 current Ig (for Ig = I¢ = 1). 
2 60 The final expression for a was 
8 given by Eq. (8-55) as 








A as de Sel (1 E. st) 
Sap 1 + peW/ peLine 2L" 
(9-8) 
If the magnitude of a in Eq. (9-3) 
is close to 1, we can apply Eq. (9-2) 
91092098 094 095 096097 09809910 to (9-3); after simplifying, we 









































Alpha (cc) obtain, approximately, 
Fia. 9-1. Dependence of collector-to-base 1 peW Ww od 
current gain on alpha. 6 =a/1 — a. B = nelice sie DLs? (9-4) 


This particular result is for a p-n-p transistor model. The first term 
of Eq. (9-4) results from the emitter efficiency y and represents the ratio 
of the electron current I,g to the injected hole current Ipz; the second 
term corresponds to the ratio of the volume recombination current in the 
base region J,z to the hole current Ipz. For the condition that the 
magnitude of Eq. (9-4) is very small (corresponding to a small base 
current Iz), the total emitter current Ip is approximately equal to the 
injected hole current J pz. Therefore, we may write (9-4) as 





1 = Iz = Ing I vp (9-5) 
B Ipz I pn I pz 


From a design standpoint, we strive to make Eq. (9-4) or (9-5) as small 
as possible, making (1 — «) small and thereby maximizing the grounded- 
emitter current gain 8. 

One effect which has not been considered thus far in the low-level 
theory of current gain is that of surface recombination. In Chap. 8 we 
used a semi-infinite transistor model, for which surface effects were 
sufficiently isolated, so that only bulk recombination in the volume of the 
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base region contributed to the total base current. A measure of this 
recombination was given by the base-transport factor, which we saw was 
related to the lifetime of the base region. In practical transistor devices, 
however, the semi-infinite model is far from being a truly representative 
model. Regardless of the device geometry, the active volume of the base 
region must be terminated by a semiconductor surface at some finite 
points. As will be discussed in greater detail in a later chapter, the 
effective surface area is an annular ring around the emitter junction, 
approximately equal in width to the transistor base width W. To remain 
completely general, we shall simply refer to the effective surface area as 
A, for all geometries. 

As was discussed in Sec. 4-10, a semiconductor surface is characterized 
by a surface recombination velocity s, which is a direct measure of the 
rate of recombination of carriers arriving at the surface. Inversely 
speaking, it is a measure of the effective lifetime of the surface area. A 
surface may have a low or high recombination velocity, depending on the 
nature of the surface treatment during the processing of the transistor. 
From a design standpoint, it is desirable to keep s as small as practicable. 
In spite of this, some fraction of the carriers injected into the base of a 
junction transistor will not reach the collector junction, but will be lost 
by recombination at the surface. This introduces an additional com- 
ponent of current to the total base current. It must be remembered that, 
the surface recombination current adds directly to the volume recombina- 
tion current as well as the current which is injected back into the emitter. 
Thus, for a p-n-p transistor, the total base current is 


Ig = Tne + Iie + Lip (9-6) 


where J, is the surface recombination current. 
To correct the low-level current-gain theory for the effects of surfaces, 
it is necessary to modify Eq. (9-5) as follows: 


Loe Ip Ing Typ Isp 


eee Oa ee 





i. (9-7) 
We see, therefore, that the effect of surface recombination is to decrease 
the over-all beta (current gain) of the junction transistor. In many 
practical devices, because of the difficulty of obtaining optimum base- 
region surfaces, this becomes the limiting factor for current gain. To 
express the third term of Eq. (9-7) in terms of the physical transistor, we 
may write that! * 

Iep = qsA.p (9-8) 


* References, indicated in the text by superscript figures, are listed at the end of the 
chapter, 
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where s is the surface recombination velocity. We recall from Chap. 4 
that this is defined as the number of carriers recombining per second per 
unit surface area divided by the excess concentration over the equilibrium 
value at the surface. Thus, to obtain the current (charge per unit time), 
we multiply s by the electronic charge q, the effective area of surface 
recombination A,, and the carrier concentration at the surface p, as 
shown by (9-8). Since most of the recombination occurs very close to 
the edges of the emitter junction, it is reasonable to assume that pis 
equal to the injected hole density pz. From basic theory the emitter 
hole current is given by 


AD wp “ 
hzie {iT (9-9) 


where pz = pre?¥#/*7, Taking the ratio of (9-8) to (9-9), we have, finally, 


pp ape ied (9-10) 
I pe AD» 





The complete grounded-emitter beta expression becomes 
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In Eq. (9-11), the second and third right-hand terms represent the 
effects of volume and surface recombination, respectively. One interest- 
ing aspect is apparent here. If Ls? = Dt», these terms may be 


arranged as 
t a we (- 4 i) (9-12) 
B poline 2D» T pb WA 


In so doing, the second term in parenthesis appears as the reciprocal of 
the surface lifetime 7,5. Consequently, (9-12) may be written as 








an PeW Ww (9-13) 
B poLine QD por est 
if 
where pe Bt + — (9-14) 


Toft T pb Tsb 


We see that this is identical to the relation given by Shockley” for combin- 
ing the effects of surface and volume recombination into a single effective 
base-region lifetime ro. From a device-lifetime-measurement point of 
view this is a convenient form, since oftentimes a high base-region volume 
lifetime is masked by a low surface lifetime, in accordance with Eq. (9-14). 

The complete expression for beta, given by Eq. (9-11), includes the 
effects of emitter efficiency, base recombination, and surface recombina- 
tion. This result, however, is applicable only to the low-level injection 
case, i.e., the case in which the injected minority-carrier concentration in 
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the base is small compared to the majority-carrier concentration. At 
high current densities, each term must be modified to take in the effects 
of high-level injection (see Chap. 10). As will be shown, beta is not 
constant with collector current. 

9-3. Collector Reverse Current. Fora junction transistor, it is impor- 
tant for the reverse current of the collector junction to be as small as 
possible. As was indicated in Chap. 7, this is the current that flows 
from collector to base with the emitter open-circuited; it is denoted as 
Iczo. Since the Ic¢go current exists as long as the collector is reverse- 
biased, it represents undesired power dissipation which detracts from 
the useful power rating of the device. Also, since it may increase by 
several orders of magnitude at the higher temperatures, the zero-signal 
collector dissipation becomes quite appreciable. It is therefore desirable 
to design for very low Iczo at room temperature. In this section, we 
shall obtain the theoretical relation for I¢zo in terms of the p-n-p model 
of the previous chapter. 

Let us refer now to the general current-density equations for the p-n-p 
transistor given by Eqs. (8-30) and (8-31). Based on typical operation 
for a transistor, we can make certain simplifications. Firstly, the 
term e~@¥e/k? is very small compared to 1 for reverse biases greater than 
0.1 volt. Secondly, the collector region is of moderate-resistivity p type, 
so that the magnitude of the minority electron concentration n,. cannot 
be neglected. Applying these considerations, we have 





\<e qGDneNpe QD poPnb W Valk? QD poPno WwW 
Jz = (eye + ie rm coth . (eae 1) + a esch ns 


(9-15) 

_ DyPno W eavenr — QD pvPno W Wren. (g_ 
Je = i esch ro (e4 gE 1) + pias coth ta + Lh (9 16) 
For the condition that the emitter is open-circuited during the I¢so 


measurement, we set Eq. (9-15) equal to zero, ie., Jz = 0. Solving for 
(e2Ve/4T — 1), we have 


(—qD pspro/L») esch (W/L) 
Waele Ling SF (qD pPnv/ Ly) coth (W/L) 


xamination of this result shows that it is identical to Eq. (8-34), the 

expression for a. Substituting this result in (9-16) and replacing esch 

(W/L) by its identity, coth (W/L ») sech (W/L,»), we obtain, finally, 

a QD poPnv Ww W 
L 


Jczo = coth ee 
pb Lipp 1 PE 


eV ahs S59 





(9-17) 





(1 — asech ) + xt (9-18) 


This equation, when multiplied by the junction area A, yields the current 
Jeno. Actually, for well-designed transistors, where W KL», we may 
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approximate (9-18) by 


AD pPn ADacNpe 
= eee (1 — y) + Ee (9-19) 


Iczo 


since a = y sech (W/L). Thus, for the case where the base-region 
lifetime is sufficiently high such that the base-transport factor is equal to 
unity, the Z¢zo current is partially a function of the emitter efficiency y. 
We see that, for a given base width W, to maintain Icxo small it is 
necessary to go to lower base- and collector-region resistivities (reduce 
minority-carrier concentration) and smaller junction areas. If the 
collector region of the transistor is very heavily doped, such as in the case 
of alloy-type transistors, the last term of Eq. (9-19) may be neglected. 

The temperature variation of Eq. (9-19) is approximately the same as 
that for a p-n junction as given by Fig. 6-4 for germanium, since the 
temperature variation of 7 is not significant in this case. Finally, Eq. 
(9-19) is applicable to germanium transistors, but not to silicon. For the 
latter, the I¢go current is predominantly due to depletion-layer charge 
generation as was explained in Chap. 6, and is given approximately by 


Toso = getmA (9-20) 


where e = generation rate 

2m = depletion-layer width 

A = collector area 
Note that for both germanium and silicon, I¢zo will increase slightly with 
collector voltage, since W decreases in (9-19) and 2n increases in (9-20). 

In the case of the graded-base germanium transistor, the first term in 

Eq. (9-19) must be modified to account for the increase in Icpo due to the 
decreasing impurity concentration as the collector junction is approached. 
One will recall that for the graded base, both the mobility and minority- 
carrier concentration will increase with distance from the emitter junction. 
This will increase the magnitude of the reverse current originating from 
the base. An excellent approximation for the graded-base transistor 
may be obtained by assuming that D, and pn» are each doubled as a 
result of the impurity gradient. ‘This approximation is valid if one 
assumes a linear impurity distribution in the base. Therefore, if we 
denote I’gz9 as the reverse current for a graded-base transistor, we have 


CBO ~~ 


AqAD pDnb qADacNpe 
yb ee eT (te pees, re 
yokes (9-21) 


In Eq. (9-21), D» and p,» have values corresponding to that forthe 
impurity concentration just at the base side of the emitter junction, Le, 
N',. It should be pointed out here that for a graded-base silicon transise 
tor Eq. (9-21) is not applicable since the depletion-layer generation Cut. 
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rent is still the predominant component. One may still use Eq. (9-20) for 
the calculation. 

One important consideration, which arises when the Jc¢z9 measurement 
on a transistor is made, concerns the potential of the emitter with respect 
to the base. We saw, in our examination of Eq. (9-17), that 


cavalet ie | (9-22) 


where Vz is the emitter junction voltage. Because the emitter is open- 
circuited for determining I¢go, a solution of (9-22) for Vz would yield 
the emitter ‘floating potential,’’ viz., Vzzo. Thus, 


Vrzo od “ In a = a) (9-23) 


In other words, this is the equilibrium potential which the emitter region 
would assume to compensate for the nonequilibrium conditions in the 
base region due to the collector reverse bias. As an example, if a were 
0.95 at room temperature, Vzso0 would be —0.078 volts. This parameter 
yields an excellent means of ascertaining the quality of the surface 
treatment of practical transistors. If any channels exist across the 
surface of the base region of a transistor, they provide additional leakage 
paths which increase the magnitude of Vzzo above the theoretical value 
given by Eq. (9-23). Thus Vzzo can be a good indicator for product 
reliability. 

Another point of interest is the magnitude of the collector reverse 
current when the emitter is shorted to the base. This is denoted as 
Iczs. For this condition, Vg = 0 and Eq. (9-16) simply becomes 





D Ww Dncn 
J = Qu pbPnb GY ncN pc 
CES a coth t. + te (9-24) 
Multiplying by A and letting W < Ly, we get 
_ GAD wpw , IADnchpe 
Tczs = ins sel + — Z (9-25) 


Again, if the collector resistivity is sufficiently low such that n,, is 
negligible, (9-25) becomes 


A n 
Iczs = eS = ton aoe : (9-26) 


Comparing this result with Eq. (9-19), with the second term omitted, we 
have 


_ Ico 
lees = ae (9-27) 
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for the case where a = y. In Eq. (9-27), if @ is at all close to 1, then 
Iczs is considerably larger than Iczo. However, it will be shown in 
Chap. 10 that at very low currents on the order of the reverse currents 
(1 ua or so), a is practically zero and I¢gs = Icgo. In certain practical 
transistor designs, however, there exist certain collector injection mecha- 
nisms which cause a to approach unity (collector multiplication a*M) 
and thereby cause Icxzs in Eq. (9-27) to become infinite, thereby causing 
breakdown of the collector junction. This phenomenon occurs when the 
collector voltage is increased to a value close to the true collector break- 
down during the measurement of Ic¢zs. This will be discussed in detail 
in the next section. 

The measurement of both Ic¢zo and Iczs is best sutimarized by the 
schematics of Fig. 9-2. With the emitter open-circuited, the reverse 
collector current is I¢go, whereas 
with the emitter short-circuited, the 
current is I¢zs. The reason that 
T cus is slightly larger than I¢z0 may 
be explained qualitatively. When 
the emitter is floating, the I¢zo cur- 
rent consists mainly of minority car- 
riers (holes) which are swept out of 
the base region by the collector 
reverse bias. However, when the 
emitter is shorted to the base, the 
junction contact potential is reduced 
permitting holes from the emitter 
region to be injected into the base. 
Since these additional holes are readily collected, the total current 
becomes slightly greater. 

9-4. Collector Breakdown Voltage. Another important d-c parameter 
for the junction transistor is the breakdown voltage of the collector 
junction. As was pointed out in Chap. 7, collector voltage breakdown 
is limited by either avalanche breakdown or voltage punchthrough, 
whichever occurs first. It is necessary to ascertain the impurity profile 
of the transistor design in question’ in order to determine which of the 
two is the limiting factor. Once this is established, one can apply the 
basic p-n junction relationships introduced in the early chapters to 
calculate the correct collector breakdown voltage. This voltage break- 
down is denoted by BV czo, that is, the collector-to-base voltage break- 
down with the emitter open-circuited. 

Avalanche breakdown is a function of the high-resistivity side of the 
collector junction. For structures made by the double-sided impurity- 
contact processes, e.g., alloy or MADT, avalanche breakdown is related 


Emitter 
floating 
potential 








Fia. 9-2. Measurement of collector 
reverse currents. 
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to the base resistivity. On the other hand, for the single-sided processes, 
e.g., mesa or planar, avalanche is related primarily to the collector 
resistivity. Thus, avalanche BVcgzo may be determined by referring to 
Fig. 6-10 for step junctions or Fig. 6-12 for graded junctions. In the 
latter case, for those transistor structures in which the base is diffused 
into a high-resistivity background, one can readily apply the step-junction 
approximation and use Fig. 6-10 instead of Fig. 6-12. 

If the spreading of the depletion layer into the base is such that it 
touches the emitter junction before avalanche occurs, the transistor is 
limited by voltage punchthrough Vpr. At the condition of punch- 
through, the emitter floating potential Vzzo will start to increase and 
follow the applied collector voltage. The emitter potential will continue 
to increase until the emitter junction breaks down due to avalanche 
effects. The net effect follows the relationship 


BVczso = Ver + BVzzo (9-28) 


where BV gzo is the avalanche-breakdown voltage of the emitter-base 
junction. 

The magnitude of Vpr is a direct function of the impurity profile of the 
base region, wherein V pr is the voltage necessary to spread the base side 
of the collector depletion layer a distance equal to the physical base width 
W,. For a uniform base of the alloy type, the expression for V pris 
determined by referring to Eq. (5-77). Letting zm = W. and solving 
for V = Vp, we have 
— qNoW.? 


2KEo 


Vp (9-29) 
igure 5-12, which is in the form of W, as a function of Vpr/N, may be 
used instead of Eq. (9-29) to determine voltage punchthrough. 

For a graded-base transistor fabricated by diffusion techniques, V pr is 
determined by referring to the curves in Figs. 5-15 to 5-30, wherein 
v, = W,and V = Vpr. In using these curves, one has no choice but to 
use a trial-and-error procedure to obtain the solution for V pr. 

The determination of BVczo for a transistor made by the epitaxial 
process (see Sec. 1-10) presents a situation a bit different from the 
straightforward avalanche or punchthrough considerations of the previous 
paragraphs. This is attributed to the fact that the high-resistivity 
epitaxial layer in the collector may not be thick enough (by design) to 
sustain the necessary depletion-layer width corresponding to the ava- 
lanche-breakdown voltage for that resistivity. This is best explained by 
reference to Vig. 9-3, which shows a generalized diagram of a p-n-p 
epitaxial transistor. The substrate portion of the collector region is p+, 
which is usually a very heavily doped semiconductor, The epitaxial 


208. TRANSISTOR ENGINEERING 


collector layer is generally of very high resistivity p. and is denoted as 
having a thickness W.. 

To simplify the argument, let us assume that, whether the base is 
uniform or graded, all of the spreading of the collector depletion layer 
goes into the epitaxial region and that the latter has a uniform impurity 

distribution. If the epitaxial thick- 










Bick ee : A ness W, is equal to or greater than 
bald a I, ei i sul Imes, Which is the depletion-layer 
1 | . . 
2 layer thickness at the voltage corresponding 
e c 


to the avalanche breakdown for the 
epitaxial-layer resistivity, the ob- 
served BV czo is limited by straight- 
forward avalanche considerations. 
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+f f a However, if W, is less than tmz, the 
= Theoretical E(x ' 

8 foe regneetes actual BVczo is lower than the theo- 
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retical avalanche value because the 

6 x We cu depletion layer effectively stops spread- 

Distance ing when it reaches the interface be- 

wit dale bua eden a! SR Oe, opine! ayer and the 

an epitaxial transistor at avalanche heavily doped substrate.* This of 

breakdown. curs at « = W, in Fig. 9-3. At this 

point, the electric field & starts to build 

up at a more rapid rate and causes the junction to break down 
prematurely. 

If it is assumed that avalanche takes place when the electric field 
reaches the critical value nt the electric-field distribution in the deple- 
tion layer at breakdown appears as shown by the solid line in the diagram 
of Fig. 9-3. From Poisson’s equation, since & is the integral of the 
charge distribution, &(2) must be linear as shown because of the uniform 
charge density (impurity ions) in the epitaxial layer. At x = We, &(«) 
has the magnitude & and then drops quickly to zero in the substrate. 
If W, is greater than tz, then &(x) is simply extended to zero at © = Imp 
as shown by the dashed line. The voltage being sustained at breakdown 
is the integral of &(x) and is simply equal to the area under the &(a) 
function as denoted by the shading. By applying geometrical con- 
siderations to determine the ratio of the shaded area to the total area of 
the right triangle (0,81r2,2mz), one obtains the ratio of the actual break- 

*It is interesting to note that in an epitaxial transistor the collector capacitance 
virtually stops decreasing with collector voltage when the depletion layer reaches the 
interface. Normally, the capacitance variation would continue to exhibit either 
the square-root or cube-root dependence with voltage. 

+ Strictly speaking, it was shown in Chap. 6 that breakdown occurs at that value 


of § for which the ionization integral equals unity. However, the integration of 
(8) is such that it achieves maximum value in a small range just below S44. 
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down voltage to the theoretical avalanche-breakdown voltage. It is 
easily shown that 








BVepo ~ (2 = rs) Vs (9-30) 
where Vz = avalanche-breakdown voltage (from Fig. 6-10) 

mp = depletion-layer thickness at Vz (from Fig. 5-12) 

W. = thickness of epitaxial layer 
A normalized plot of Eq. (9-30) is given in Fig. 9-4, e.g., for W./ams = 0.5, 
BV cso = 0.75Vz. Note that when W. = ImB, BV czo = Ve. 

To complete our consideration of collector reverse voltages, we must 

now turn our attention to the grounded-emitter configuration to deter- 
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Fic. 9-4. Breakdown voltage of epitaxial Fic. 9-5. Method of measurement of 
layers in terms of thickness and resistiv- BVczo in transistors. 
ity-dependent parameters Vz and tmp. 


mine collector-to-emitter breakdown relationships, viz.. BVczs and 
BVecro. BVcxs is the collector-to-emitter breakdown voltage measured 
when the base is shorted to the emitter. If BVczo for the transistor is 
limited by avalanche effects, BV czs is simply equal to BVczo. Tf BV cro 
for the transistor is limited by voltage punchthrough, BVers = V pr. 
This is apparent from Eq. (9-28) if BVzzo is equal to zero, since the 
emitter-base junction is shorted during the measurement of BVczs. In 
other words, for a punchthrough-limited transistor, we have 


BVcrs = BV cro — BVzzo = Ver (9-31) 


The remaining grounded-emitter parameter is BVczo, which is the 
collector-to-emitter breakdown voltage with the base open-circuited, i.e., 
I, = 0. Under these conditions, the applied voltage across the transistor 
which reverse-biases the collector junction also acts to forward-bias the 
emitter junction, as shown in Vig, 9-5. It is interesting to note the 
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current that flows under these conditions. In Chap. 7 we saw that 
Ic = Icso + alg (9-32) 


However, during the measurement of BVczo, Ic = In = Icxo and 
Iczo = Iczo + alczo, or 
Icro = ote. (9-33) 
seach 4 
Equation (9-33) indicates that the grounded-emitter reverse current is 
larger than Ico by a factor approximately equal to the beta of the 
transistor at that current level. This result is understandable from a 
physical point of view, since the emitter is injecting additional minority 
carriers into the base. As the applied voltage is increased, however, 
Iczo will begin to increase because of the increase in a due to avalanche- 
multiplication effects. We recall that due to multiplication effects as 
avalanche breakdown is approached, the current gain must be multiplied 
by the factor M which was given as 


1 
= eee" —- 9-34 
eS Lengo on 
where n has values ranging from 2 to 6 (see Eq. (6-24). If the a term in 
Eq. (9-33) is multiplied by Eq. (9-34), there exists some value of V for 
which aM = 1 and I¢zo goes to infinity. This is the breakdown condi- 


tion where V = BV czo or 





1 1 
=-= 9-35 
x Qa 1— (BV cro/BV cro)” ( ) 
Solving for BV exo, we obtain, finally, 
BVczo = (1 — a)""BV cso (9-36) 
or, as a good approximation, for a close to 1, 
BVczo — BV cao (9-37) 


VB 
Obviously this relationship holds only for the case where the transistor is 
not limited by Vpr. 

9-5. Emitter Reverse Characteristics. The two significant d-c charac- 
teristics of the emitter junction of the transistor are the reverse leakage 
current Izzo and the reverse breakdown voltage BVzrzo. Because of the 
fact that in most transistors the emitter region is very heavily doped to 
obtain maximum emitter efficiency, one can always use a step-junction 
model to determine these parameters. Thus, Jeno is caleulated in a 
manner identical to that for Zgzo. BVeno is simply the avalanche- 
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breakdown voltage of the junction and is primarily a function of the 
impurity concentration just at the base side of the emitter junction. 

9-6. Base Resistance. In the analysis presented so far, no mention 
has been made of the effects of the inherent resistance of the base region. 
In the transistor base layer, a fraction (1 — a) of the input emitter 
current constitutes a small base current J, which flows out through the 
base-region contact. It should be apparent that for any practical 
transistor geometry wherein ohmic base contacts must be made around 
and/or along the periphery, the base current must flow parallel to the 
emitter- and collector-junction planes. Since the base layer has a 
specific resistivity, this current will develop a transverse voltage drop in 
the base region, which appears as feedback to the emitter junction. This 
effect may be represented by an additional term 1, which is called the 
base spreading resistance.* The term spreading is used here to denote 
the fact that both the current and voltage are distributed within the base 
region in some manner such that the base resistance can only be expressed 
by a particular average value. Thus, 7), is determined by the ratio of 
the average voltage developed in the base region to the current that 
produced it. It should be evident that the transistor geometry is most 
significant in this regard; the r}, expression is different for each structure, 

Actually, the base-region resistance is common to all currents, direct 
or alternating, producing corresponding voltage drops. From the d-c 
point of view, the developed base voltage can seriously alter the action 
of the transistor. We recall that for typical operating current bias, the 
emitter forward potential is quite small, being on the order of a few tenths 
of a volt. If either base current or base resistivity is appreciable, it is 
quite possible that sufficient transverse base voltage may be developed 
to actually reverse-bias that part of the emitter junction farthest removed 
from the contact. For a constant emitter current, this mechanism 
inereases the current density injected into the base, since part of the 
active emitter area is being blocked off. This effect will be considered in 
detail in Chap. 10. For the purposes of the analysis to follow, we 
assume that the entire emitter junction area is uniformly forward-biased 
and that the d-e voltage feedback is negligible. 

To establish an analytical expression for 7*;, let us consider a transistor 
geometry characteristic of grown-junction types, as in Fig. 9-6. These 
are usually in the form of n-p-n semiconductor bars having a p-type base 
layer of thickness W, side dimension /, and height h, as shown in the 
figure. Contact to the base region is made by means of a thin-line ohmic 
contact along one side l, shown by the crosshatched area in Fig. 9-6. 
lor this theoretical analysis we will assume no contact overlap and that 
the contact is ohmic. As we have seen, emitter current is uniformly 
injected into the base layer and diffuses across to the collector junction, 
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coming out as collector current. Part of the current is lost by recombina- 
tion in the base; this appears as Iz, flowing down the base region to the 
line contact. It is the average base voltage Vz produced by this current 
Iz that determines the effective base 

Emitter 8 resistance 7p. 

In order to solve for r’g, it is nec- 
essary first to make an assumption 
concerning the distribution of cur- 
rent Iz in the base layer, along the h 







Single-line base 
contact W 


Base dimension. In each elemental vol- 
Fia. 9-6. Single-line contact-bar geom- UmMe of the base is a uniform current 
etry. moving from emitter to collector. 


A fraction (1 — a) of these currents 
is lost by recombination within each elemental volume. Therefore each 
elemental volume may be regarded as an elemental current generator, 
generating a current equal to 


AlIz = A[( — a)Iz]} (9-38) 


and having an incremental resistance dR. If we assume that the resis- 
tivity of the base layer p) is everywhere homogenous, we can depict the 
base-current mechanism by the simple equivalent circuit shown in 
Fig. 9-7b, which represents the action of the current generators within the 
incremental strip dW shown in Fig. 9-7a. If the strip dW is broken into 
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Fria. 9-7. Distribution of base current. (a) Base region; (b) equivalent circuit for dW; 
(c) current distribution. 


resistances dR, each current generator within the respective volumes 
delivers a current AJ to the strip. Thus the total current at the contact 
x = 0 is equal to the sum of all the current generators within the strip, 
As x increases toward A, the total current decreases in increments of Aly» 
toward zero. Therefore we can state that the base current has a linear 
distribution as shown in Fig, 9-7e. At the bar surface where w = h, the 
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total current is zero. The current Js(x) is given by the linear equation 
L 
Ip(xz) = Ie ( — ;) (9-39) 


where J, is the total current at the line contact. Again in Fig. 9-7a, in 
the x direction the current of Eq. (9-39) flows through the incremental 
resistances dR, which are of thickness dx and area lW. ‘Therefore, df is 
expressed as 


ohms (9-40) 





Multiplying (9-39) by (9-40) to obtain the incremental voltage drop dV z, 
we have 





es _ &\ pda 
dVzp=I[p (1 ;) li (9-41) 
By integrating Eq. (9-41) with respect to x from 0 to « we obtain a result 
which gives the distribution of voltage as a function of x. That is, 


vd 
Va~ ae (2 . 5) ae (9-42) 


where K;, is the constant of integration. This is equal to zero, since at 
x = O we are assuming the contact to be at ground potential. 

In order to obtain the spreading resistance r’,, it is necessary first to 
obtain the average value of the voltage Vz across the distance h. It is to 
be noted that Eq. (9-42) presents a parabolic voltage distribution. The 
average is defined as 





h 
Vp(average) = ; / Vz(a) dx (9-43) 
0 
_ Ipoh 
or Ve = 3H (9-44) 
From Eq. (9-44), we have, finally,® 
Ve _ poh 
Age ee es, tees 
= 7 = 3M ohms (9-45) 


where p, = resistivity, ohm-cm 
W = base thickness 
1 = side dimension (contact) 
h = height 
Wor a square bar, | = h and (9-45) simply becomes 


= iy oa 
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Equation (9-46) may be written in the form 


rz = = single-line contact (9-47) 
where Rzz is the base-to-base or sheet resistance of the uniform-base 
region, as defined in Fig. 9-8. 

We see that in order for 7}, to be as small as possible it is necessary that 
the base sheet resistance be as small as possible. rj, can be reduced by 
utilizing a rectangular cross-sectional 
area such that the aspect ratio h/l 
isas small as practicable and by plac- 
ing the contact along the / dimension. 

In Fig. 9-6, if an additional line 
contact is made on the side directly 
opposite the base region and both 
contacts are tied to the same poten- 
tial point, e.g., ground, then the base 
spreading resistance is reduced again by a factor of four, or* 


_ Rap 


i og. 





Fia. 9-8. Sheet resistance Rzz. 


double-line contact (9-48) 


In this model, the base current splits up and flows in opposite directions 
toward the contact, being zero at h/2 and increasing linearly to the 
contacts. From Eq. (9-41), the average voltage for each half of the base 
region is 


_In ph 
Va = 3 315 = 
, Ve poh 





or (9-50) 


he ae 7 
It should be apparent at this point that the most ideal arrangement for 
minimum r, would be a continuous contact completely around the 
periphery of the base region. 

Junction transistors made by such techniques as the alloy, diffused-base 
alloy, mesa, or planar processes may have circular or ring base contacts. 
A generalized model of this transistor structure is shown in Fig. 9-9. 
The geometry is slightly modified by showing the ring base contact 
around the periphery of the base rather than on one face, as is the usual 
practice. This simplifies the analysis for base resistance and yet does not 
introduce significant errors. In Fig. 9-9a, the cross-sectional area is 
drawn to show that the active base region consists of a uniform semi- 
conductor base of resistivity p», thickness W, and radius r.. The geome- 
try is circular, having an ohmic contact all around the eireumference of 
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the base region. All pertinent dimensions are indicated in the figure. 
Emitter current (holes for p-n-p) is injected uniformly into the base 
region; it is assumed that the recombination components constituting 
the base current Jz or (1 — a) flow radially outward from r = 0 to the 
base contact. The resistance paths for J; that make up 7’, are shown as 
two basic circular structures in Fig. 9-9b. The current originates in the 
disk A, which is equal in area to the emitter junction, and then flows 
outwardly uniformly through the annular ring B. In order to determine 


Ring base contact (ohmic) 





(a) (b) 


ia. 9-9. Ring base-contact transistor geometry. (a) Cross-sectional geometry; (b) 
base-region components. 


ry it is necessary merely to sum up the individual resistances of these 
elements. The formula for the resistance of an annular ring of resistivity 
p», thickness W, inner radius 71, and outer radius r2 is 
Raina = 2's had In ae; ohms (9-51) 
Qn W bik | 

This applies to ring B in Fig. 9-9. 

For disk A, the analysis is similar to that for the single-contact bar 
geometry, but is complicated by the circular geometry. The formula, 
given by Early,‘ is simply 


Row = = 7 (9-52) 

Applying Eqs. (9-51) and (9-52) to the geometry of Fig. 9-9, we obtain 
rp = Rowx + Raine (9-53) 

or rho o (= + xin =) (9-54) 


One observes that for the disk term the base resistance is independent of 
radius, However, to minimize ry, the base contact must be placed as 
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close to the active region as is practically feasible. This minimizes the 
ratio r2/7: for the ring term. 

In many practical junction transistors, the designers encounter 
geometries very different from the two basic types we have been con- 
cerned with thus far. Because of this, the equations for base resistance 
must be corrected accordingly. This is particularly true for most single- 
ended impurity-contact transistors. 

To be inclusive of all the possible base geometries or sections thereof 
found in most junction transistors, a summary of the base-resistance 
relations introduced in this section 
is presented in Fig. 9-10. In the 
figure, the arrows denote which 
planes the current is flowing into 
and/or out of. Also, the shaded 
portions represent ohmic base con- 
tacts. All the equations are directly 
proportional to p/W, which was de- 
fined as the base-region sheet resist- 
ance Rp. Thus, by judiciously 
selecting the appropriate formulas 
and adding them up directly, one 
can determine the complete expres- 
sion for the base resistance of any 
transistor geometry. Atypical illus- 
tration of the use of the formulas in 
Fig. 9-10 is given in Fig. 9-lla and 
b, wherein both a linear and a cireu- 
lar base geometry are presented. 

9-7. Sheet Resistance of Graded 
Bases. In the discussion of base 
resistance in the previous section we 
were concerned with the uniformly 
doped base region where the sheet 
resistance Rgp is simply the ratio of 
the base resistivity to the base width, 
We must now turn our attention 
to the case of the graded base to 
determine the correct designation for 
sheet resistance. For the graded base, sheet resistance will be denoted 
by Ry, to distinguish it from the uniform-base case. Once Ry, if 
determined, r’, can be readily established simply by substituting 2%, for 
p/W = Rep in the equations summarized in Fig. 9-10. In this section, 
Iq. (9-69) is the correct expression for caleulating Py py: 


Geometry Resistance 





Arrows indicate direction of current flow 


Fre. 9-10. Summary of resistance for- 
mulas for various sections of junction- 
transistor base-region geometries. 
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Basically, the elemental sheet conductance 1/dR‘,, of an incremental 
strip dx wide is written as 
Coe te 
dss ae) si 


where p(x) is the resistivity as a function of distance and may be defined 
as 


p(a) = (9-56) 
dhnbN (x) 

where N (x) is the net impurity concentration in the base as a function of 
Z. ‘This is fora p-n-p transistor; therefore the majority-carrier mobility 
Uno IS Shown. Inserting (9-56) into (9-55) and integrating, we get 


1 Ww 
Rip = ame f N(a) dx (9-57) 


This is the general expression for the reciprocal of the transverse sheet 
resistance of the base region.’ It should be evident that for a uniform 
base, where N(x) = Ny, Eq. (9-57) reduces to Rez = p»/W. For the 












i PDs Pb fo 
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; i , 
lia, 9-11, Application of base-resistance formulas to typical transistor geometries to 


) / . . 
determine ry. (a) Circular transistor geometry; (b) linear transistor geometry. 
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Ntxi nonuniform cases, however, it is nec- 
ra ee essary to describe N(x) by the proper 
Ne sedi functional relationships. The base 


{Linear impurity distributions corresponding 

to the linear, error-function or gaus- 

sian, and exponential grades are 

Emitter | “Sse ac drawn in Fig. 9-12 for comparison 

x=0 x=W purposes. In each case, N%, is the 

Fic. 9-12. Base impurity distribution impurity concentration in the base 

N(x) for various junction-transistor just at the emitter junction and Nac 

grades. is the background impurity level in 

the collector, compensated to estab- 

lish the transition point at = W. For these base layers we can estab- 
lish the following quantitative expressions for N(x) :* 








DV Ne uniform (9-58) 
N(x) = N (: pad 7) linear (9-59) 
N(x) = NE E — erf (7) — Nec error function (9-60) 
N(x) = Nye ** — Nac exponential (9-61) 
N(a) = Nee?! — Nao gaussian (9-62) 


In the last three equations, N zc is defined by letting N(x) = Oat xz = W. 

To determine the sheet resistance R,, we simply insert the appropriate 
expression into Eq. (9-57) and carry out the integration. For example, 
the linear grade yields 





Jae aoe eo 
te Oro (« aw). 
1 nN RW 
m* es =e (9-63) 
BB 
Note that in Eq. (9-63), we can let 
1 
Gea, W = Rap (9-64) 


which is the sheet resistance of a uniform base of thickness W and doping 
Ny. Therefore, in our example of the linear grade, we can write 


Ro eles linear grade (9-65) 


In a similar manner we can obtain the ratio of Ry, to Rep, i.e, Kr, for 
the other graded bases given by Eqs. (9-60) through (9-62), The results 
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of the analysis? are plotted in Fig. 9-13 for Kr as a function of the impurity 
ratio N3/Nec. Note that the gaussian curve is the same as the curve 
for the error-function impurity distribution (a reasonably good approxi- 
mation). From Fig. 9-13 it is evident that sheet resistance increases with 
base grading. 

In order to calculate the absolute value of R4,,, it is necessary to deter- 
mine the uniform base equivalent given by Eq. (9-64). However, the 
question arises concerning the correct value of the mobility y.». Ina 
graded base, the mobility will vary with N(x) such that it increases as x 
approaches W. In the integration of 
Eq. (9-57), we assumed yp, to be con- 
stant; actually, it is a function p(x) 
and must be included in the integra- 
tion to obtain the more accurate ex- 
pression for Rz,. This is rather for- 
midable analysis, particularly for the 
error-function and gaussian distribu- 
tions, but it has been done by Cuttriss 
for germanium® diffused bases and by 
Backenstoss for silicon.” A bene Fra. 9-13. Effect of various impurity 
good approach estimating Rpg accu- distributions on sheet resistance nor- 
rately is to obtain an average value for malized to equivalent uniform base. 
the mobility and use the corrected value (After J. L. Moll and I. M. Ross.) 
as the constant in the integration of Eq. 

(9-57). For all graded bases, let us approximate y,»(x) by a simple 
exponential function as follows: 




















Hnb(Z) = Hnv(O)e!” (9-66) 


where un»»(0) is the majority-carrier mobility corresponding to N4,(x = 0). 
At 2= W, pwnw(x) = uw(W), corresponding to the majority-carrier 
mobility at Naec(« = 0). The average mobility jf,5 is obtained by 
integrating (9-66). 


Ww 
En = om f e/L dz = pns(0) 2 (eW/L — I) (9-67) 


rom (9-66), «7/2 = pa(W)/un(0) and W/L = In [pa(W)/ptn(0)]. 
‘Therefore Eq. (9-67) becomes, finally, 


Hno( W) ned Hnv(0) 


~ In [una )/pnv(0)] (9-68) 


Finb 


With this result, the complete expression for the sheet resistance of a 
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graded base layer is 
Kr 
BB = 9-69 
Roe = asl) — wail) yp yy a 
in [av(W)/tno(0)| ” 








where Kp is determined by using Fig. 9-13 and the impurity ratio N’,/N zc. 

9-8. Base Input and Collector Saturation Voltages. Of prime impor- 
tance in switching applications are the input and output voltages of the 
transistor when it is driven into saturation (or more specifically, voltage 
saturation) when operated in the grounded-emitter configuration. By 


— > Ic¢=5ma — >I, =9.9ma 






Vee* 


=-5 volts 








7 (a) (b) 


Fia. 9-14. Effect of base current drive on net junction bias potentials illustrating bias 
reversal at the collector junction. (a) Active region; (b) “on’’ region or saturation. 


definition, saturation is the condition in which both the emitter and 
collector junctions become forward-biased. This results in the two 
voltages of interest in this section, viz., the base input voltage Vex and 
the collector saturation voltage Verear. It will now be explained on a 
qualitative basis how the collector-junction bias potential switches from a 
reverse- to a forward-bias condition in the saturation state. 

Let us refer to the grounded-emitter p-n-p transistor and its Vez-le¢ 
characteristic shown in Fig. 7-10. The normal region of operation is 
called the active region. ‘To illustrate operation in the active region, the 
junction potentials are as indicated in Fig. 9-14a. Let us presume an 
arbitrary base current such that the collector current I¢ = 5ma, which 
places the operating point in the active region. For this condition, 
Vor = —5 volts because of the voltage drop in the load resistor. Further» 
more, as shown in Fig. 9-14a, Ves = —4.88 voltsand Vgr = —0.17 volts. 
The latter is the base input voltage. Thus we see that the emitter is 
forward-biased and the collector is reverse-biased, as is to be expected, 

Now, if the base current Jp is increased in order to achieve a saturation 
or on condition, we have a situation as shown in I'ig. 9-14b. For this case 
we will assume that Jc = 9.9 ma, which means that Vew@ar ™ —0.1 
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volt, or in other words, almost all the battery supply voltage is dropped 
across the load resistor Rz. To establish the increase in Ig from 5 ma to 
9.9 ma it was necessary to increase Vzz from —0.17 volt to —0.19 volt. 
Since Veg = Ves + Vaz, it becomes apparent that Ves must equal 
+0.09 volt, which is clearly a forward-bias condition for the collector 
junction. Thus we see that because of the limitations of the external 
load circuit the base becomes more negative than either the emitter or 
collector in saturation. The total voltage from collector to emitter 
becomes quite small, since it represents the sum of two opposing poten- 
tials. This is the collector saturation voltage Vezga1; its locus of 
operation is shown by the Vezgar line in the collector characteristic of 
Fig. 7-10. 

In order to quantitatively describe the behavior*® of Vez and V czar 
we can again make use of the general transistor-current Eqs. (8-30) and 
(8-31). In the saturation region, we permit both Vz and V¢ to be 
forward-biased so that «#”/*7 >> 1. We can also assume that no recom- 
bination occurs in the base region (W < Ls). Finally, we can express 
the gADp/W terms by the current designation J in order to simplify the 
analysis. Thus, we have 


In = (Ine + IpaetVah? — Iyyea¥olb (9-70) 
Ie => T pet V!*T = (ie. + Tp)erV clk? (9-71) 


We solve Eq. (9-71) for e2¥¢/*" and substitute the result in (9-70), which 
yields 
eWValkT — In + [Tp/ (1 pp ie Tne) \Le 


Lee lll —cl hb, Et) (9-72) 





‘This is in the form of 
: Iz + arle 
EV wl/kT a ee 

Fa igthonad) a7 
where wr is the inverse alpha of the transistor, that is, the alpha that is 
measured when the collector is operated as an emitter. In this case, 
wr = Yr since B* = 1; yr would be the “emitter” efficiency of the 
collector, or 





1 
Y® ~ T+ Rec/ Roe 
where Rec is the effective sheet resistance of the collector region. We also 
recognize that the denominator of Eq. (9-73) is the expression for the 
emitter reverse current Izzo. Thus, 


forW X< Ly (9-74) 


Cy a 


eV lkT — Tn + anle 


TrBo 
kT, |In| + larlc| 
or Ve = | a 
. q + \l enol 7) 
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which is the desired result for the forward-bias voltage of the base-emitter 
junction under saturation conditions. In a similar manner it is readily 
shown that the forward-biased collector voltage is given by® 


kT In \Tc| + lolz! 








Ve= 2 
c = (9-76) 
Now, since Vez = Vc — Vz in saturation, we may write 

oe kT | Ue + alz)Izz0 (9-77) 


q ia (Uz + arlc)I cso 


where the absolute magnitudes of the currents are used. 

This result may be expressed in grounded-emitter terms by sub- 
stituting Tz = — (Ip + Ic) and the bilateral relationship arlczo = alzzo, 
which gives the final Ebers and Moll expression as* 


kT, ard — Ic(1 — a)/(za)) 
+ q in 1+ I¢(1 — ar)/Ip 


where the plus sign applies to p-n-p transistors and the minus sign to 
n-p-n transistors. The reader will note that in Eq. (9-78) the currents 
Tc and I are controlled by the circuitry external to the transistor. 

Fig. 9-15 illustrates the manner in which Eq. (9-78) varies with base 
current drive for a given collector load current. The curves are for a 
typical p-n-p alloy junction transistor (germanium), for which a = 0.975 
and ag = 0.9. In the calculations it was assumed that a is constant with 
current and voltage. Consider, for example, the Vcz curve for J¢ = 10 ma. 
At a base current Iz = 0.256 ma, we have a condition in which [¢/Tx is 
equal to a/(1 — a). Consequently, Vcz is shown rising extremely 
rapidly toward infinity. This is actually the boundary between the 
active and saturation regions, wherein the collector junction becomes 
reverse-biased and Vcx becomes controlled by the external circuit and 
supply voltage. As Jz is increased, however, bringing the transistor into 
saturation, Vcz becomes smaller. This decrease is due to the fact that 
with increasing Iz, Vc (forward bias) increases at a faster rate than Vz, 
making the difference in potential smaller at the higher current. If the 
collector current is increased to 30 ma, we see that it requires more base 
current drive to saturate the device or obtain the same Ver. In any case, 
it is seen that the resistance in saturation Vcz/I¢ decreases with increasing 
circuit drive. 

In our discussion thus far, we have been concerned only with the 
junction potentials of the transistor in the saturation state. T'rom @ 
practical device point of view, this is not sufficient to determine the exact 
saturation voltages. To be complete, it is necessary to include the 
ohmic body resistances of the collector and emitter regions, since these 





Ver = (9-78) 
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resistances are directly in series with the junction potentials. In 
grounded-emitter configuration, the equivalent-circuit representation 
would appear as shown in Fig. 9-16. The resistances rsc and rgz are 
the series resistances of the collector and emitter regions, respectively. 
In addition, the base resistance rf is included in the equivalent circuit. 
With reference to Fig. 9-16, we can now establish the final expressions for 





volts 


Vce(sat) 





‘ce, 











Base current, Ig, ma 





lia. 9-15. Theoretical variation of Veg Fic. 9-16. Equivalent circuit for a 

with base drive for grounded-emitter grounded-emitter transistor in saturation 

p-n-p junction transistor. including emitter and collector body 
resistance. 


the saturation voltages of the transistor. The base input voltage V px 
becomes 
Ving = OE ty al + loedel 
q | ez0] 





+ Terse + Isr (9-79) 


and the collector saturation voltage V czar becomes 


KP in ar{l — Ic — «)/(Tpa)] 
1 + Ic = ar)/Ip 


In these equations the voltage magnitudes are additive for either p-n-p 
or n-p-n transistor, 

9-9. Parameter Temperature Dependence. Each of the major d-c 
(\ransistor parameters discussed in this chapter (such as 6, Iczo, Izzo, 13; 
Ving, and Verar)) will exhibit a definite variation with or dependence on 
lomperature. In each case, one will observe that the temperature- 
dependent terms in the appropriate parameter equations may be any one 
or more of the following: mobility, minority-carrier concentration, life- 
(ime, and absolute temperature. The temperature behavior of these 
hasic semiconductor characteristics has been presented in Chap. 4. In 
order to determine how any d-c parameter would vary with temperature, 
it is necessary to express the parameter equation directly in terms of 





Vor (saT) = 


+ Isrse + Icrsc (9-80) 
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Tor 
JEG) SEC ae: (9-81) 


using a procedure identical to that which was used for the reverse current 
of a p-n junction in Sec. 6-3. Because the temperature variation of such 
parameters as mobility is a function of the carrier type, the semiconductor 
material, and the impurity concentration, it becomes exceedingly difficult 
to present any generalized relationship that satisfactorily covers all the 
possibilities. Each transistor structure must be treated on an individual 


basis. 


PROBLEM 


9-1. A p-n-p epitaxial germanium mesa transistor is to be analyzed for its d-c 
characteristics. The fabrication steps are as follows: 

a. A 1-ohm-cm p-type epitaxial layer 3 thick is grown on a 0.005-ohm-cm p-type 
substrate 5 mils thick. The minority-carrier lifetime in the epitaxial layer is 60 usec. 

b. An n-type base region is formed in the epitaxial layer by diffusing antimony from 
surface concentration of 2 X 10'7 atoms/cm® to a junction depth of 1.5 u. The 
average minority-carrier lifetime in the base layer is 4 usec. 

c. A pair of rectangular stripes is evaporated and alloyed (nonpenetrating) into the 
surface of the diffused base layer. The stripes are 1 mil wide and 6 mils long, sepa- 
rated by 0.5 mil. One stripe is an ohmic contact to the base region; the other stripe is 
an alloyed p-type emitter having a resistivity of 0.0002 ohm-cm, a thickness of 
2,500 A, and a minority-carrier lifetime of 0.1 usec. 

d. The transistor is etched through the base and epitaxial regions, leaving a mesa 
with a 0.5-mil border all around the stripe pair. The final surface recombination 
velocity of the base is 150 em/sec and is independent of temperature. 

All bulk minority-carrier lifetimes double for every 60°C increase in temperature. 

For this structure, determine the following electrical characteristics (at room tem-= 
perature unless otherwise specified) : 


one ee 








Parameter Test conditions Units 
BVcso Ic = —100 wa; Ir = 0 volts 
BV ces Tce = —100 pa; Vez = 0 volts 
BVxso In = —100 pa; Ic = 0 volts 
BVcro Ic = —1 ma; Iz = 0 volts 
B Vor = —5 volts; Iz = * 

B Vez = —5 volts; Iz = *;T = 55°C 

IzB0 Vern = —1 volt; Ic = 0 pa 
Iczo Ves = —5 volts; Ic = 0 Ma 
Ieso Ves = —5 volts; Ic = 0; T = 55°C | pa 
Var Ip = —0.5 ma; Ic = —10 ma volts 
Vereary | lp = —0.5 ma; Ic = —10 ma volts 
rp Iz = 0;Ic =0 ohms 
Cre Voz = —5 volts; Iz = 0 pf 
Cre In =0;Ic = 0 buf 





* 8 is based on low-level injection and is independent of current, 
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High-current Transistor Characteristics 





10-1. High-level Injection Theory. In the theory of junction tran- 
sistors developed thus far, we have been concerned only with low-level 
injection conditions, that is, when the concentration of minority carriers 
injected into the base region is very small compared to the majority- 
carrier concentration there. Under these conditions, charge neutrality 
is hardly disturbed and the carriers move principally by diffusion in field- 
free regions.* As a result, the expression for the current gain (alpha) 
was shown to be independent of emitter bias current. For the grounded- 
emitter circuit configuration, the current gain (beta) was given as 


1 pW, W? , sAW 
ee TOES An (tos 





As long as low-level injection conditions are maintained, this equation 
is adequate. However, it is observed experimentally that the current 
gain of a junction transistor is not independent of emitter current Jz as is 
implied by Eq. (10-1), but is a function of the minority-carrier injection 
level in the base region. As we shall see, the current gain decreases at 
the higher emitter currents. Since transistors are also used in large- 
signal applications such as power amplifiers and high-current switches, it 
is important to examine the characteristics of transistors operated at high 
currents. Therefore, in this chapter we shall examine the variation of the 
grounded-emitter current gain with emitter current by correcting the 
first-order theory with appropriate factors that result from high-level 
injection conditions. 


* The exception, of course, is for nonuniform base layers, wherein the injected 
carriers experience the built-in electric field. However, the theory was based on the 
fact that the injected carriers did not disturb the field distribution, 

226, 
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Equation (10-1) can be written in the form of current ratios as follows: 


1 Isp Iup Lng 

gee oy 
The order of the terms has been changed here only to suit the sections to 
follow. The reader will note that each term of (10-2) is divided by the 
emitter hole current J,z. If alpha is close to unity, this current is 
approximately equal to the total emitter current J, (i.e., the electron 
component is negligible). It must be emphasized again that in Eq. (10-2) 
the current gain is independent of emitter current. 





(10-2) 


Ion 


n Pp p n 











Equilibrium level 
for electrons (n=Np) 


Emitter Base Collector Emitter Base Collector 
(a) (b) 


lia. 10-1, Effect of injection level on majority-carrier distribution in the base region. 
(a) Low level; (6) high level. 


To insert the effects of high-level injection into the base region, it is 
necessary to examine the carrier distributions in the base region under 
high-level conditions. In a p-n-p structvre, for example, the majority 
carriers in the base are electrons and the injected minority carriers from 
the emitter are holes. In this chapter the concentration of the latter will 
he denoted as pz. Figure 10-1 illustrates the effect of injection level on the 
hase carrier distributions. For the low-level case shown by (a), pz is 
small compared to n (n = Np). Consequently, charge neutrality in the 
base is not disturbed appreciably by the presence of the holes, and the 
injected current is principally a diffusion current whose magnitude is 
determined by the slope of the hole-concentration gradient. 

Ilowever, for the high-level case the situation is somewhat different, as 
shown by Fig. 10-1b. Here, pz may be comparable to or greater than N p. 
Under these conditions, the external circuit must supply sufficient elec- 
(rons to the base layer in order to compensate for the large positive charge 
of the injected holes. If charge neutrality is maintained throughout the 
hase width, the electron concentration gradient equals that of the holes. 
Ksecause of the electron gradient, the electrons try to diffuse toward the 
collector junction, However, as soon as this occurs, charge neutrality is 
violated, ‘Therefore, in order to keep the electrons in place against 
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their gradient, an electric field must exist in the base layer.:* This 
field is in such a direction as to aid the flow of holes to the collector junc- 
tion. Thus we have a situation identical to that of the p-n junction 
operating at high forward currents (see Chap. 6), except that in this case 
the ohmic contact is replaced by the reverse-biased collector junction. 
Under these conditions, the emitter current cannot be determined on the 
basis of diffusion alone, but must also include drift effects due to the 
presence of the electric field. 

Quantitatively, the base-region currents due to high-level injection 
may be expressed by 


Il 


Ip = gAupp8 — AD» 2 (10-3) 


I, = qAuan& + gADw si (10-4) 


where the first right-hand term in each of the equations corresponds to the 
drift component due to the electric field Ag inferred from Fig. 10-1), 
we may write 


which indicates equal concentration gradients of the carriers. Substitut- 
ing this result into (10-4), letting the electron current J, = 0, and solving 
for &, we have 


6 = —- = (10-5) 


Inserting this result into Eq. (10-3) and simplifying the result, we have, 
finally, 


d 
I, = —qADm os (1 = ”) (10-6) 


This is the general expression for the current due to holes (for a p-n-p 
transistor), where p is the injected hole concentratior. and n is the base 
majority-carrier concentration. If this expression is evaluated at the 
boundary (« = 0) corresponding to the emitter junction, we obtain the 
emitter current Jz. For negligible recombination in the base, it is 
reasonable to assume that the slope of the hole concentration in the base 
is linear and equal to 


dp _ —Dr - 
= ap (10-7) 





* References, indicated in the text by superscript figures, are listed at the endof the 
chapter, 
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where pz is the injected hole density at the emitter and W is the base 
width. Further, in Eq. (10-6), for high-level injection conditions, we 
have 





n= Np+ pe (10-8) 
Combining (10-7) and (10-8) with (10-6), we have 
_ GADppe PE 
lila (: Vee *, a 


It should be noted that if pz <«< Np, which is the case for low-level 
injection, Eq. (10-9) reduces to the familiar form. However, if pg > No, 
(10-9) becomes 


2. 2qgA D wpe 
erin aie (10-10) 


1 
indicating a twofold increase in Jz in the limit. Thus we see that the 
term in parenthesis in Eq. (10-9) is a measure of the contribution of the 
electric field in the base to the total hole current as injection increases 
from low- to high-level conditions. A convenient way of expressing the 
injection level is by means of the ratio of the injected minority-carrier 
concentration to the majority-carrier concentration in the base. The 
ratio v is defined as 


a ee! : 
v= (10-11) 


Thus, if Eq. (10-11) is substituted into (10-9), it becomes, after simplifi- 
cation, 
mS GAD y»yN pd A: 1 4. 2u 


ihe sabes es: aift2) 





Now, if Eq. (10-12) is arranged as follows: 


»  PHoe Law r 
fs i ones (10-13) 





it appears in the form, suggested by Webster,! which relates the injection 
level to the actual current and characteristics of the transistor base region. 
lsy introducing the appropriate mobility factors into Eq. (10-13), we may 
express the Z factor directly in terms of base sheet resistance: 


gobResW?ln 


vA = ETA p-n-p (10-14) 
2 
sae. 7 aca aoe 


where b is the magnitude of the mobility ratio un/ sp. 
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In the sections to follow, the Z factors will be applied to each of the 
terms of the current-gain equation to illustrate the effects of injection 
level. However, in order to do this, it is necessary to relate v to Z, such 
that 


v= f(Z) (10-16) 


This is done by solving Eq. (10-13) for v. There results an excellent 
approximation, which is 
Z 

ed 5 (10-17) 
This is a feasible result since Z is actually the ratio of the effective 
injected carrier density to the base impurity density that one would 
compute from first-order theory. However, under high-level conditions, 
the electric-field effect manifests itself by approximate doubling of the 
current. Thus it would be expected that the magnitude of Z is approxi- 
mately twice that of the actual injection ratio pz/Np. 

A convenient way of defining the emitter current at which high-level 
injection effects begin is to determine the magnitude of the injected minor- 
ity carrier concentration and compare it to the majority-carrier concentra- 
tion in the base. Let us define the beginning of high-level effects as the 
point when pz = 0.1Np, ie., when v = 0.1. Since Z = 2v, high-level 
injection begins when Z = 0.2. To translate this into transistor terms, 
we solve Eqs. (10-14) and (10-15) for Jz and let Z = 0.2. We have, then, 


0.2kTA 


{a= qobW?Rap aia: (oi? 
0.2kTbA 
Tz = QW'Rap n-p-n (10-19) 


With b = 2 for germanium and b = 3 for silicon, we get the following 
useful room-temperature relationships: 


p-n-p silicon: Iz = 1.7A/ReppW?2 ma 
p-n-p germanium: Iz = 2.6A/RepW?2 ma (10-20) 
n-p-n germanium: Iz = 10.4A/ResW? ma 
n-p-n silicon: Iz = 15.6A/RepW? ma 


To summarize what has been done here, Eqs. (10-20) define that emitter 
current Jz (in milliamperes) at which the carrier injection level becomes 
significant such that its effects cannot be neglected in design calculations. 
The relations are expressed in terms of Rp, the base width, and the area 
A, which is the actual cross-sectional area of the transistor. One 
observes that an n-p-n silicon transistor will operate at currents higher 
than those of the other three types before high-level effects occur, Actu- 
ally, what is involved here is simply a matter of a particular voltage drop 
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in the base region. Since p-type silicon has the smallest majority-carrier 
mobility, it requires the largest current to produce an equivalent voltage 
drop. 

10-2. Variation of Surface Recombination with Current. From the 
low-level current-gain theory we saw that the contribution of surface 
recombination effects to the over-all grounded-emitter current gain is 
given by the ratio J,3/Ipz. This is the ratio of the current lost by surface 
recombination to the total emitter hole current. 


Ip = sA,W 
Toxig) CAD yy 








(10-21) 


It is readily seen that this result is independent of emitter current and is 
applicable only at very low injection levels. 

To account for high-level conditions, we must now take into considera- 
tion the base-region electric-field effect at high currents. In Chap. 8 we 
saw that the surface recombination current may be written as 





I.p = qsAspr (10-22) 
l‘urther, in the previous section the general expression for Ipz was given 
hy Eq. (10-9). 

GAD» Pe 
= 1+ —+~—_ 10-23 
Ine = Fp pe (1 + PE) (10-23) 


Taking the ratio of (10-22) to (10-23), we obtain 


Iez a sA,W Np + pz 
Tor AD» No + 2pz 


Icxamining this result, we see that the term in parenthesis may be written 
in terms of Z, since pz/Np = v = Z/2, such that (10-24) becomes 


I.p ene sA,W 1 + Z/2 








(10-24) 














i" an FESS (10-25) 
< Ip = sA,W , . 
ol pie ADw (Z) (10-26) 


‘The term f’(Z) is referred to as the field factor; its magnitude as a function 
of Z is given in Fig. 10-2. For low values of Z, f’(Z) is close to unity, 
such that (10-26) corresponds to the low-level case. As Z increases with 
increasing emitter current, f’(Z) at first decreases rapidly and then 
asymptotically approaches 14 in the limit. 

Physically, this is understandable if one realizes that as injection level 
is inereased, the electric field established in the base increases the total 
emitter current, However, for any given high-level value of Jz, a smaller 
value of injected carrier density is required to maintain the current, 
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thereby decreasing the proportion of injected carriers that are lost by 
surface recombination. Since the emitter current doubles in the limit, 
we can expect I,n/I pz to be one-half its initial value, as shown. Thus, on 
the basis of surface effects alone, the transistor current gain will increase 
with emitter current. 

10-3. Variation of Volume Re- 
combination with Current. For the 
second term of Eq. (10-2), which 
represents the effect of volume re- 
combination in the base region of 
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the over-all current gain, the pro- 
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5 io 15 20 25 portion of the emitter current lost 
4 by carrier recombination is given by 
Fre. 10-2. The field factor f’(Z) as a func- Top Ww? Ww? 








= (10-27) 


tion of Z. (After W. M. Webster.) Fp? ~ QD? POD ares 


Since this low-level result is independent of Jz, we must now proceed to 
correct it to take into consideration the effects at high currents. 

The volume recombination current /,s may generally be expressed by 
the relation? 


ew ges (10-28) 
2 Tp 
where q = electron charge 
AW = base-region volume 

pr/Tp = rate of volume recombination 
The 2 arises from the assumption that pz/2 represents the average carrier 
density in the base region. Thisisa good approximation if a linear carrier 
gradient is assumed. 

In a manner similar to that of the previous section the ratio I,z/Ipx is 
obtained by utilizing the general emitter-current expression given by 
Eq. (10-9). Taking the ratio of (10-28) to (10-9), we have 





Typ W* No+ pe 
= 10-29 
I pz 2D per pb Np + 2pe ( ) 


Letting Z/2 = px/Np and simplifying, we get 





Ivp W? 1472/2 

es 3 

Ie 2Dptp 1+2 0a 
2 

or eee ' f'(Z) (10-31) 








Ipz 2D pty 


Thus we see that the volume-recombination term behaves in a manner 
identical to that of the surface-recombination term, i.e., the low-level 
equation is multiplied by the field factor, {’(Z), As injeetion level 
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increases, less carriers are needed to maintain a given current and. the 
proportion of carriers lost by volume recombination is reduced. Here 
again, in the limit, the high-level result is one-half the low-level value. 

In the foregoing discussion it has been implicitly assumed that the 
minority-carrier lifetime in the base 7, remained constant and inde- 
pendent of injection level. For some transistors, this may be the case. 
In most designs, however, the high-level lifetime will differ from the low- 
level lifetime because of injection effects.* According to the Shockley- 
Read-Hall recombination theory introduced in Chap. 4, the low-level- 
lifetime equation is modified to account for injected carriers Ac as follows: 


~ T pr(n a Nr fe Ac) Se Tnr(P =F Pr ae Ac) 
(n+ p + Ac) 


For a p-n-p device having an n-type base, where Ac = px and n = np, 
(10-32) becomes 





(10-32) 


_ ter(Np + % + pe) + tar(Dr + Px) 











(Np + pz) Gyro 
This result can be arranged in the form 
ae Tpr(Np —- Ny) = Tar (Dr) (Tor + Tar) DE | il 
| Np 2 aes AL Cag Np 


By reference to Sec. 4-8 it may be seen that the first right-hand term of 
(10-34) represents the low-level lifetime 7,,. In the second right-hand 
term, (tpr +7n»r) is the high-level lifetime 7. We recognize also the 
familiar injection factor, viz., pz/Np =~ Z/2. Thus, (10-34) can be 
written as 


= py Lt Colt) 4/2 
dil eT BR 


which is the final expression which relates the variation of volume lifetime 
to the injection level Z. It is interesting to note that if the high- and low- 
level lifetimes are equal, 7,,/7», = 1 and lifetime becomes independent of 
injection level. 

We can now apply this result to Eq. (10-31) in order to obtain the 
complete variation of volume recombination with current, which is 


ES des f'(Z) 14+ 2/2 
Toe 2D iets 1+ (7./7)Z/2 
It is convenient to combine both functions of Z into a single function, 


viz., {(Z), which is defined as 


1+2Z/2 1+2/2 
| + Zi + (r/7)4/2 


(10-35) 





(10-36) 


f"(Z) = (10-37) 
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In Fig. 10-3 is a plot of f’(Z) for different values of the lifetime ratio 
7../T», Where 7, is the low-level lifetime applicable to either n- or p-type 
base regions. The curve, for which 7./7 = 1, is simply a plot of the 
function f’(Z), since the lifetime-variation factor in Eq. (10-37) becomes 
unity. The other curves of Fig. 10-3 
indicate how the variation of volume 
lifetime with injection level can affect 
the over-all transistor current gain. 
lor example, if the base region was 














“Sy of sufficiently high resistivity such 
le’ that the low-level lifetime was con- 
“iT siderably higher than the high-level 
ny lifetime, we would have a situation 








( 


where Jy3/Ipz might vary according 
to the curve where 7,,/7, = 0.1. In 
this case, volume recombination ef- 
fects would tend to decrease the cur- 
rent gain. On the other hand, if 
T/T = 2, volume recombination 
Fre. 10-3. f’(Z) as a function of Zand effects would increase current gain, 
T og/Tbs since I,s/Ipz would decrease with 
emitter current. As evidenced by 
the r../7» = 0.5 curve, it is possible to maintain a fairly constant variation 
of current gain due to volume effects. 
10-4. Variation of Emitter Efficiency with Current. In a p-n-p junc- 
tion transistor, the ratio of the injected hole current Jz to the total 
emitter current J,z + Ing is defined as the emitter efficiency. Thus, 








¢" (Z) 














Tox 1 
a ete ee bale Se ae 10-38 
Te Te leg.” oe Nelle ( ) 
Solving (10-38) for I,#z/Ipz, we obtain 
Ls ee |e (10-39) 
Tie 


Thus we see that this result corresponds to the third term of (10-2) and 
represents the effect of emitter efficiency on the grounded-emitter current 
gain. We have, then, 

Ine peW 


Tus acd pelics (10-40) 





which is a result that is independent of emitter current. In order that 
Eq. (10-40) be small for maximum emitter efficiency, we see that the 
emitter resistivity p, should be made small compared to the base resise 
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tivity p,. We recall that 
1 


po = mae (10-41) 


where Np is the donor impurity density in the base region. For low-level 
injection conditions, the majority electron concentration would be 
approximately equal to Np. 

As injection level is increased, however, the majority-carrier concentra- 
tion in the base will increase to maintain charge neutrality with the large 
amount of injected holes. Under these conditions, the electron concen- 
tration becomes 

n= Nob + PE (10-42) 


We now have a situation where the base resistivity is decreased by the 
presence of injected carriers. Correcting (10-41) with (10-42) as follows, 


wo No _ 1 
>  GuaNo No + pe ”1+ ps/Nd 
we obtain the expression for the effective base resistivity p; in which the 


injection factor pz/Np appears. Thus, wherever p, appears in the 
emitter efficiency expression, it must be multiplied by 1/(1 + pz/Np), or 





(10-43) 








dt peW PE 
= if 10-44 
Inn or ( hi Nb at 
Substituting Z/2 for pz/Np, we obtain, finally,! 
Ing peW Z 
= 1 10-4 
I pz poLine ( KS 5) ( a ” 


In this result it is seen that, as emitter current is increased, Z becomes 
larger, thereby rapidly increasing the magnitude of Eq. (10-45) and 
causing a corresponding decrease in current gain. As will be discussed 
in the next section, this change in y with J, represents the most significant 
factor that effects the variation of current gain with injection level. 

For the usual operating emitter-current ranges for most junction 
transistors, the emitter-efficiency variation described by Eq. (10-45) is 
quite valid. It is evident from Eq. (10-45) that as Z approaches.zero, + 
attains a low-level value. close to unity; as: Z becomes very: large, > 
approaches zero. Actually, at both the extreme. low and high limits. of 
emitter current, Eq. (10-45) is not applicable because of certain, effects. 
which were not considered in the development of the theory. At very 
high injection levels where current densities are in the order of 104 
amp/em? or more, one cannot neglect the modulation effect of the 
minority-carrier current on the emitter resistivity.‘ In the case of a 
p-n-p transistor, for example, the electron concentration injected into the 
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emitter at very high levels may be comparable to or greater than the 
emitter hole concentration in spite of the heavy doping, and may contrib- 
ute toward lowering the apparent emitter resistivity. Because of this 
effect, it has been shown that transistor emitter efficiency will tend to 
saturate to a finite value at high currents rather than decrease to zero.‘ 
This value of y may be on the order of 0.2 to 0.4 for currents in the 
hundreds of amperes. In the grounded-emitter configuration, these 
values correspond to current gains that are less than unity. 

We must now consider another effect, at the extreme opposite end of 
the current scale, which may alter the emitter efficiency at very low 
emitter currents. This isa phenom- 
enon, associated with the presence of 
recombination centers in the space- 
charge layer of the emitter junction, 
which particularly occurs in silicon 
transistors. In Sec. 6-4 it was 
shown that, under conditions of re- 
verse bias, the reverse current for a 

: silicon p-n junction is due to carrier 
Fie, 10-4, Typical variation of current generation from the recombination 
gain for silicon transistors at low emitter centers in the barrier. Further- 
current densities. Falloff is attributed : ‘ 
to impurity recombination in the emit- ees at ordinary temperatures, this 
ter junction. generation current is considerably 

larger than the diffusion component. 
In like manner, under conditions of forward bias the same recombination 
centers act to produce a recombination current, due to the trapping of the 
injected carriers as they pass through the transition region of the junction. 
Thus, in the case of silicon junction transistors operated at very low 
emitter currents, the recombination current dominates the total current 
and does not contribute to transistor action. This results in a decrease in 
emitter efficiency, as evidenced by 


























1o4 «103 = 1072s to"! | (6) 
Emitter current density, wa/mil® 





i ht 

PES ee. as 
where Ipz represents the emitter recombination current. At small 
forward biases where the normal diffusion current J,z + I,“ may be 
small compared to I zz, it is seen that y decreases to zero. As J increases 
with increased bias, y increases toward unity, since the diffusion currents 
predominate in Eq. (10-46). A typical variation of d-c alpha, as affected 
by emitter efficiency at low currents, is given in Fig. 10-4. Asan example 
for a silicon transistor with a cross-sectional area of 200 mil’, alpha starts 
to maximize at approximately 1 ma emitter current. At currents less 
than 1 ma, alpha falls off rapidly. This falloff at low currents is much 
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less pronounced in germanium transistors because of the fact that 
germanium can be processed to be relatively free of recombination centers. 
Consequently, in germanium devices, the barrier recombination currents 
are practically negligible compared to the diffusion currents. 

10-5. Composite Variation of Current Gain. We will now combine 
the results of the preceding sections into a single relationship which will 
describe the variation of the grounded-emitter current gain as a functioi 
of emitter current.! This will combine the effects of surface recombina- 
tion, volume recombination, emitter efficiency, and emitter recombination. 
Referring to Eqs. (10-1), (10-26), (10-36), (10-45), and (10-46), we obtain 


B +s AD ae 











f'(Z) + oe a as a a gs (10-47) 


1 $-) sA,W Ww? peW (1 A 5) Tre 

2 
where f’(Z) is given by Fig. 10-2 and f’’(Z) by Fig. 10-3. Furthermore, Z 
is related to the emitter current by Eq. (10-14), which is repeated here as 


follows: 
Be goRepWlp 


Zn (10-48) 


It should be noted that these equations are for a uniform-base p-n-p 
transistor; for an n-p-n device it is necessary only to interchange the sub- 
scripts p and n and b appears in the 
denominator. For a graded tran- 
sistor, it is necessary to replace the ne 

2 in the denominator of the second ts w uae eo 
term of (10-47) witha 4. Also, one \ f Wy =4 mils 

i 


Wik 


Pnb=2 ohm-cm 


uses the general form for emitter ty 
efficiency, i.e., Rex/ Rep, instead of a ee ae 
peW / poLne- t= 10 mils 

A numerical example will best t2= 20 mils 
illustrate the current behavior of fleck 
Inq. (10-47) and demonstrate the fia. 10-5. Numerical values of physical 
contributions of the separate mech- constants for a germanium-alloy transis- 
anisms discussed thus far. Let us  ‘r to illustrate current-gain behavior. 
consider a p-n-p germanium-alloy 
transistor of the type shownin Fig. 10-5. Included in the figure are typical 
values for the physical parameters of interest. The value of base width 
indicated is the effective width at the particular collector voltage applied to 
the transistor. In the analysis to follow, we shall assume that the 
collection efficiency is 100 per cent, i.e., no carriers are lost to the collector 
surface. Also, we shall assume that the high-level lifetime equals the low- 
level value such that r,,/r, = 1. For the surface-recombination term, the 
low-level value includes the term A,, which may be determined by letting 
the active surface area be a ring of width W around the emitter perimeter, 
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Thus A, = 2xrW. Inserting the appropriate values from Fig. 10-5, we 
calculate for the surface term: 


sA,W 


ane = 0.009 





The low-level volume-recombination term is calculated to be 


Ww 
2D pty 


Lastly, using the correct values for the emitter efficiency term, we have 


= 0.0028 





peW 
= 0.0067 
poLine 
Substituting these results into Eq. (10-47), we get 
; = 0.0090 f(Z) + 0.0028 f’”"(Z) -+ 0.0067 (1 4 3) (10-49) 


It is interesting to note here that surface recombination plays the most 
dominant role in determining current gain. At low-level conditions, the 
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Fig. 10-6. Emitter current variation of current-gain components for illustrative 
example. 


reciprocal of the sum of the three constants yields a current gain equal to 
54. If surface recombination were negligible, the low-level gain would be 
equal to 105. 

To extend the analysis to larger emitter currents, it is necessary to 
determine the magnitude of Z. In Eq. (10-48), Z becomes 412 Jz, where 
Inisinamperes. For emitter currents in the range up to 25 ma, we will 
be concerned with values of Z up to about Z = 10. Thus, each term of 
Eq. (10-49) may be plotted as a function of Z for values of Z up to 10 by 
computing the magnitude of the multiplying Z functions. Furthermore, 
by use of Eq. (10-48) each term of (10-49) may be related directly to the 
emitter current Jz. This has been done; the results are shown in lig. 
10-6. Both the surface- and volume-recombination terms fall off quickly 
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to practically constant values, whereas the emitter efficiency increases 
linearly at a marked slope. The composite variation curve, which is the 
direct sum of the three, indicates that the emitter efficiency term has the 
most significant effect at the higher emitter currents. In Fig. 10-7 is a 
plot of the grounded-emitter current gain as obtained from the reciprocal 
values of the composite variation curve. At very low currents, the gain 
is 54; it peaks to 55 at 1 ma and then falls off to 25 at 20 ma. At this 
point it becomes quite clear that emitter efficiency becomes the most impor- 
tant factor from a transistor-design point of view if reasonable gain at high 
currents is desired. 


Current gain, B 
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Fig. 10-7. Variation of current gain with J, for illustrative example (p-n-p germa- 
nium-alloy transistor). 


Let us critically examine, from a design viewpoint, those aspects of 
emitter efficiency which can be optimized in order to minimize the varia- 
tion of the over-all current gain with emitter current. This problem is of 
particular importance in the design of power transistors, in which it is 
required that the current gain be as flat as possible out to currents as high 
as lamp. From Eqs. (10-47) and (10-48), the emitter-efficiency varia- 
{ion may be expressed as 


Ruz qb RerW?2ln 
foee iki A 





(10-50) 


which represents the sum of the low-level value and a term which is 
(lirectly proportional to Jz. Examining the second term of (10-50), 
we see that emitter resistivity, base width, and junction area are the 
salient independent variables. We can now establish the essential 
criteria for maximum retention of gain with emitter current; namely, 
(1) heavy impurity concentration in the emitter, (2) thin bases, and 
(3) large junction areas. ‘To illustrate the effect of these parameters, let 
us refer to the previous example and reduce the emitter resistivity from 
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0.001 ohm-cm to 0.0002 ohm-cm, keeping all other values constant. 
This decreases the low-level value of peW/poLne by a factor of 5 such that 
the over-all current gain increases from 54 to 83. At Iz = 20 ma, this 
resistivity change increases 6 from 25 to 75. The complete gain char- 
acteristic for pe = 0.0002 ohm-cm is plotted in Fig. 10-7 for purposes of 
comparison. The improvement derived from the emitter-resistivity 
change alone is quite apparent; however, both junction area and base 
width could also be changed to provide additional modification of the gain 
characteristic. An examination of Fig. 10-6 will reveal that the primary 
objective is to establish a composite curve which is practically independent 
of current. This may be accomplished by selecting suitable design 
values such that the absolute level and falloff of the surface and volume 
recombination components are somewhat compensated by the linear 
increase of the emitter efficiency component, wherein the latter is affected 
by the magnitude of Z/Tx. Thus, the design approach reduces to a 
graphical analysis. 

One factor which has not been considered thus far is the effect of the 
carrier mobility in the base region. From Eqs. (10-14) and (10-15), it is 
seen that, for all other factors equal, the variation of emitter efficiency 
with I, for a p-n-p transistor is 6? times greater than that for an n-p-n.! 
Since b ~ 2 for germanium and b = 3 for silicon, we conclude that an 
n-p-n silicon transistor would yield the best 8 characteristic. 

10-6. Base-region Conductivity Modulation. In Sec. 10-4 it was 
shown that because of operation at high current densities, the base 
resistivity is modified in accordance with the following relationship: 


b 
b= 7577 (10-51) 
This indicates an actual reduction in the effective base resistivity due to 
establishment of additional majority carriers under conditions of high- 
level injection. This effect may be expressed in terms of conductivity, 
i.e., the reciprocal of resistivity which results in an increase in conductiv- 
ity. Thus we have the phenomenon of conductivity modulation of the 
base region. 

It should therefore be apparent that the base resistance 7, decreases as 
the emitter and collector currents of the transistor are increased. Since 
it was shown in Chap. 9 that 7’; is directly proportional to Ran, we would 
expect the high-level base resistance to be 


kes exiting, e. 
s=7A (10-52) 


Of course, it is natural to expect that Eq. (10-52) applies only to that 
portion of the base region that is conductivity-modulated by the injected 
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emitter current. We shall see in later chapters that the reduction of r’ 
due to high-level injection is very helpful in increasing the chart ne 
power gain of transistors. Also, it reduces the magnitude of Vgx in 
saturated switching circuits. 

10-7. Base-region Self-crowding. When a junction transistor is oper- 
ated at high emitter currents, the base current which traverses the base 
region to the base contact may be very large. For example, in a power 
transistor operating at 0.5 amp, the base current may be as much as 
50 ma. Since the base region has a finite sheet resistance, there results a 
finite voltage drop due to the flow of base current. This eles appears 


Emitter Emitter 


Base contacts 
Base contact 





(a) (b) 


Fra. 10-8. Pictorial illustration of base-region self-crowding effect in transistors 
Emitter current density is proportional to the shading intensity. (a) Linear tran- 
sistor geometry; (b) circular transistor geometry. 


in the form of a gradient, with the maximum potential occurring furthest 
away from the base contact. Since the external emitter bias voltage may 
be assumed to be applied uniformly over the entire emitter junction the 
effect of the internal base voltage is to reduce the applied soNeHAA to 
those portions of the emitter junction furthest away from the base con- 
tact. The net effect is that the injected emitter current density is 
maximum closest to fhe base contact and decreases in some manner as one 
traverses into the transistor. Thus we have an internal self-bias or self- 
crowding effect in the base region of a junction transistor; this may be 
interpreted to be a reduction in the active cross-sectional area. This is 
best understood by referring to the pictorial illustration of the crowding 
phenomenon in Fig. 10-8. In this figure, the direction of emitter current 
flow is into the page and in each case the injected current density increases 
(darker shading) as the base contact is approached. For the geometries 
shown, the cutoff effect may be so severe that the injected carrier density 
in the center vicinity of the emitter junction may be practically zero. 
Since the base-region crowding effect is primarily a voltage phe- 
nomenon, it is reasonable to expect that it can be minimized by maintain- 
ing both the sheet resistance Ry» and base current (1 — a) ‘as small as 
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possible. This is borne out by an analysis of the problem by Fletcher,® 
who derived the following expression: 


Jx(0) qV (a) 
(1 + 2vV/(Rep/2)0 — a) (gS e(0)/kT)) fone 
(10-53) 


where J x(x) is the emitter current density as a function of distance z from 
the base contact. J(0) is the emitter current density at « = 0, corre- 
sponding to the outer edge of the emitter junction. It is seen that in 
order to minimize the falloff of current density, the square-root term in 
the denominator must be made as small as possible. This involves 
making Reg (1 — a) small. Actually, Eq. (10-53) is only a first-order 
approximation of the crowding effect, since conductivity modulation 
effects were not included in the analysis. 

The interrelationships of conductivity modulation and base-region 
crowding are too complex to present quantitatively; these will be dis- 
cussed here from a qualitative point of view only. Let us begin with a 
junction transistor operating at a moderately small Jz, with a current gain 
comparable to that illustrated by Fig. 10-7. For these conditions, Iz is 
very small and the self-crowding effect is negligible. As Ix is increased, 
approaching high-level conditions, several effects occur simultaneously. 
Firstly, Iz starts to increase, resulting in a reduction in the effective area 
due to base crowding. Secondly, the emitter efficiency starts to fall off 
due to the modulation of the base resistivity. The latter causes Iz to 
become even larger, which reduces A further, which in turn causes the 
emitter efficiency to decrease more rapidly as Jz increases further. One 
might expect that this interdependency would continue at an accelerated 
rate until the transistor would cut off completely with zero current gain. 
This is not the case, since a limiting factor is introduced by the effective 
decrease in base resistivity due to injection level, which tends to com- 
pensate for the increase in (1 — «) by making Rppsmaller. Thus, at the 
higher currents, all these effects come into equilibrium, yielding a current- 
gain characteristic somewhat comparable to that described in previous 
sections. Nevertheless, the base-region self-crowding effect does result, 
in a reduction in active area, making the magnitude of Z/Iz larger, which 
causes @ to fall off at a faster rate with emitter current. 

From the point of view of practical transistor design, one can take into 
consideration the effects of both conductivity modulation and base-layer 
crowding by simply assuming that only the periphery of the emitter is 
active; this is particularly true for very-small-area high-frequency 
transistors. On this basis, the current-handling capacity of a transistor 
becomes proportional to the emitter perimeter rather than the emitter 
area. Furthermore, with the injected current density concentrated at 











J p(2) = 
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the edge of the emitter, one can invariably omit the contribution of the 
base region directly under the emitter in the calculation of base resistance. 
This leaves that portion of the base between the emitter edge and the 
base contact as the most important segment affecting r}. 

10-8. Effects of Current on Base-cutoff Frequency. It was shown in 
Sees. 8-6 and 8-8 that for conditions of low-level injection, the base-cutoff 
frequency for a uniform- or graded-base junction transistor is directly 
proportional to the minority-carrier diffusion constant D. On the basis 
of the theory developed in this chapter, however, it is to be expected that 
the base-cutoff frequency will change with injection level. This is borne 
out by an examination of Eq. (10-23), which is repeated here. 


AD 
Fy ain (Oe a as 
pE Ww Pe (1 4s Vea (10-54) 
If the term in parenthesis is simplified by the substitution 


pr/ Np Svu=> Z/2 
Kq. (10-54) becomes 
gADppz 14+ 2 











I pz = W i+zZ72 (10-55) 
, ae gApst Dy 
or Ip: = W FQ) (10-56) 


where f’(Z) is the function given previously in Fig. 10-2. In Eq. (10-56) 
we see that the variation of emitter current with injection level can be 
represented by a change in the effective diffusion constant, viz., Dp»/f’(Z). 
At low levels, f’(Z) is equal to unity and the familiar form for 7px results. 
At high levels, f’(Z) approaches 0.5, and we have an effective doubling of 
the diffusion constant? to 2D,,.. In summary, then, the effective diffusion 
constant can vary between D,, and 2D,,, depending on the level of injec- 
tion, Therefore, because of the direct relationship, the base-cutoff 
frequency will approach twice the low-level value as emitter current is 
increased. We recall that an electric field is established in the base 
region in a direction to aid the flow of minority carriers; consequently, 
the frequency response is increased as the carrier transit time is reduced. 
At current levels where high-level injection is reached, this electric field is 
so predominant that it virtually swamps out the built-in electric field due 
to the impurity distribution in a graded-base transistor. 


PROBLEMS 


10-1, An n-p-n silicon planar transistor is fabricated with diffused base and emitter. 


rhe Beometry employs the horseshoe configuration with the following significant 
dimensions; 
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The emitter is a 2- by 19-mil rectangle having a sheet resistance of 2.8 ohms. The 
base region beneath the emitter has an effective width of 1 » and a sheet resistance of 
700 ohms. The average electron mobility in the base is 900 cm?/volt-sec. The 
base volume lifetime is 25 mysec and increases by a factor of 2 due to high-level 
injection effects. The surface-recombination velocity is 500 cm/sec. The forward- 
bias recombination current Igz, due to impurities in the emitter junction, is equal to 
1 pa. 

Assuming negligible base-region crowding, calculate the room-temperature current 
gain B at each of the following emitter currents: 0.01 ma, 0.1 ma, 1 ma, 10 ma, 100 ma, 
and 1 amp. 

10-2. For the p-n-p germanium-alloy transistor given in Fig. 10-5, calculate the 
base resistance r, at Jz = 20 ma. Assume that the self-crowding effect established 
an active base-region area bounded by radii of 4 and 10 mils. 
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Low-frequency Feedback Effects 





11-1. Introduction to Frequency Analysis of Transistors. The theo- 
retical development of the junction transistor thus far has been restricted 
to the d-c or steady-state analysis of a one-dimensional model on which 
the effects of surface boundaries and physical geometry were additionally 
considered. By solution of the diffusion equations for minority-carrier 
flow, expressions were obtained which related the direct emitter and 
collector currents to the respective d-c applied potential and the bulk 
parameters of the semiconductor regions. From these relationships, we 
were able to establish the appropriate relationships for the key d-c 
transistor parameters. Further, it was shown that various design rela- 
tions for these parameters were very much a function of voltage, current, 
and temperature. It now remains to extend the analysis to take into 
consideration the effects of frequency on transistor parameters. 

In this chapter, certain physical feedback effects which give rise to the 
low-frequency input and output impedances of the transistor will be dis- 
cussed. In the chapters to follow, the frequency analysis will be extended 
to the h-parameter characterization of the transistor, which then will serve 
as the basis for the complete high-frequency analysis of the transistor 
impedances. Following this, a detailed study will be made of all the 
factors related to frequency response (transistor gain bandwidth). 

11-2. Base-region Widening Effects. From a d-c point of view, we 
are already familiar with the effect of collector voltage on the base width 
of the transistor. The effective base width of the transistor is equal to 
the physical base width less the amount the depletion layer spreads into 
the base region. The distance the depletion layer spreads into the base, 
of course, is a function of the impurity profile of the collector junction and 
the resistivities on either side. 

- Let us now consider the effect a small-signal a-c variation of collector 
voltage would have on base width if it were superimposed on the d-c 
collector voltage, We would now expect the total depletion-layer thick- 
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ness to widen and narrow slightly at a frequency equal to that of the 
applied a-c signal. This would impart a similar low-frequency a-c varia- 
tion to the effective base thickness W. Since W appears in many design 
relations (particularly current gain), then the frequency variation would 
modify the electrical characteristics from a low-frequency point of view. 
In this chapter we shall see that this widening phenomenon manifests 
itself in the form of a-c feedback effects. 

For the p-n-p transistor model having a step collector junction and a 
high-resistivity base compared to the collector, we can write 


Vi Wien (11-1) 


where W = effective base width 
if = physical base width 
= thickness of depletion layer 
From Be. (5-77) we can write Eq. (11-1) as 


W =W, sae (11-2) 


where Vc is the d-c collector voltage. If a small-signal a-c variation is 
imparted to Vc, the effect on W is established by taking the partial 
derivative of Eq. (11-2) with respect to voltage. 


ow 1 QKeo 
Ve 2 NqNoVe (iss 


If numerator and denominator are multiplied by Vc”, this becomes 


ie 
Wc 2Ve 





step junction (11-4) 


Equation (11-4) gives the rate of change of base width with voltage for a 
step junction; vm is the depletion-layer width at the voltage Vc. This 
result is generally applicable to transistors made by the double-sided 
impurity-contact processes, such as alloy and diffused-base alloy (MADT 
or drift) transistors. 

For a transistor having a graded collector junction and a collector 
resistivity higher than that of the base, we must obtain a different rela- 
tionship for the base-region widening factor OW/dVc. These transistor 
structures generally have diffused base layers and therefore one can use 
the linear grade as an approximation for the impurity profile in the 
vicinity of the collector junction. This is especially true for the lower 
range of Vc, wherein the junction follows the cubic law (see See, 5-1), 
Thus we can write 


w=W.- = (11-5) 





LOW-FREQUENCY FEEDBACK EFFECTS 247 


where zm is the total depletion-layer thickness for the linear grade region, 


given by Eq. (5-94) as 
% 
2m = (Aes) (11-6) 
qa 


Substituting this result into Eq. (11-5) and differentiating with respect to 
Vc, we obtain 
ow — tin 


ap UN (i=?) 





It is more convenient to express Eq. (11-7) in terms of the parameter 2, 
which is normally obtained from the graded junction curves of Figs. 5-15 
to 5-30. Since x: = z,,/2 in the lower voltage cubic range, we have 


OW _ -% graded junction 
OVce 38Ve low voltage 





(11-8) 


where 2 is the distance the depletion layer spreads into the base at the 
voltage Vc. In the other ranges of voltage, Eq. (11-8) is approximately 





OW _ nt graded junction (11-9) 
OVce 2.5Vc medium voltage % 
0 — . . 
Sa graded junction (11-10) 


ave me2Ve high voltage 


lquations (11-8) through (11-10) demonstrate the transition from cubic 
to square-root dependence with voltage for the graded junction. 

The effect of these low-frequency small-signal a-c variations of the base 
width on the basic transistor parameters will be discussed in the forth- 
coming sections. The treatment is based largely on the work of J. Early, 
who first reported these effects in 1952.!:* 

11-3. Collector Output Conductance. From the standpoint of maxi- 
mum low-frequency amplification gain for junction transistors, it is 
important that the output collector resistance be as large as possible, 
that is, that the output conductance be small. By definition, we can 
write 

1 ole 
Pe Te f OV |ve=const Si 
If we apply this differentiation to the general current-voltage equations 
developed in the one-dimensional analysis of Chap. 8, viz., Eq. (8-31), 
we find that g. = 0 or r, = «©. This comes about because, for large 
reverse bias on the collector, Z¢ is independent of collector voltage. Zero 
conductance is obviously not observed in transistors, for the reverse char- 


* References, indicated in the text by superscript figures, are listed at the end of the 
chapter, 
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acteristics evidence a small slope (neglecting surface leakage effects) 
corresponding to a higher conductance. 

Actual junction transistors, however, exhibit considerably higher out- 
put conductances (low frequency), corresponding to output resistances on 
the order of 1 to 3 megohms. ‘These differences are first explained by 
Early by including the effects of the depletion-layer widening of the 
collector junction.1. It should be recalled that in the one-dimensional 
analysis it was assumed that the base thickness W was constant and 
independent of voltage. 

In Chap. 8, the collector current was approximately represented by 


Ie = alg (11-12) 


where Jz is the emitter current and a is the current gain, equal to the 
product of the emitter efficiency y and the base-transport factor B= 
Since a is a function of the base thickness W, it would be expected, 
because of a-c widening effects, that a be a function of the collector 
voltage Ve. Expressed mathematically, 


Ja da OW 


aV0 — OW aVe (11-t 


From Eggs. (11-11) and (11-12), the output conductance g. would be 


Ol¢ Oa 
= —— = 11-14 
Je OVe OVe Tr ( ) 


Substituting (11-13) in (11-14), we obtain 


Oa OW 


c= ls OW aVc (11-15) 


Here we see the introduction of the term dW/dVc, for which we have 
already obtained expressions for step and graded junctions. These 
are given by Eqs. (11-4) and (11-8) to (11-10). Thus it remains to 
determine the expression for da/9W. Using the simplified expressions for 
a, Viz., 











WwW 1 
= py =s Stor 11-16 
A Se eet be 1+ peW/poLine ( ) 
we take the partial derivative and obtain 
da _ —sech (W/L) tanh (W/L»)(1/L») — sech (W/Lyn)(p¢/ proline) 
ow cs 1 + peW / psLine (1 + peW/pyLine)* 


(11-17) 


For the approximations that y is close to 1 and W/L» is small, this 
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reduces to 
Oca) at Ww? peW 
ow i. a pb? a8 oe) (11-18) 
which can also be written as 
Oa & ay ee we 
aw WwW ieee) tl — (11-19) 


where §* is given by [1 — 144(W/L,»)*] as a first approximation. Insert- 
ing Eq. (11-19) into (11-15), we have, finally, 


Je = - 24-69 + G- 4] ae (11-20) 





where the appropriate equation must be used fordW/dVc¢. This equation 
may be used for purposes of calculation for transistors having alphas of 
0.94 or greater; otherwise the more exact expression of Eq. (11-17) should 
be used. Nevertheless, it is seen that the output collector conductance 
increases with emitter bias current, since the current change corresponding 
to any change in alpha (due to change in base thickness) depends on the 
current which is flowing. As collector bias voltage is increased, 4g, 
becomes smaller, since the rate of change of the depletion-layer thickness 
decreases with increasing V¢. For all practical purposes, g. predomi- 
nates the low-frequency output impedance of the grounded-base junction 
transistor. For high-alpha transistors, g- may vary from 0.1 to 1 wymho 
in the range of 1 to 2 ma emitter current. 

11-4. Emitter Input Resistance. The a-c input resistance of the 
emitter junction of the transistor under conditions of forward bias is 
determined by the partial differentiation of Eq. (8-30), as follows: 

Le | lig (11-21) 


Ye OVe Vc=const 





Since the second term of Eq. (8-30) is a constant, we have, after 
differentiation, 
Ole a if = qn 


OVE Te kT 


kT 
= qs ohms (1 1-23) 


(11-22) 





or Te 


where k7'/q equals 0.026 volt at room temperature, 300°K. We see that 
this result is simply the reciprocal of the small-signal slope of the V-J 
characteristic for a simple p-n junction. Thus the a-c input emitter 
resistance of the transistor will decrease as the emitter bias current Iz 
is inereased, 

In addition to its effect on the collector impedance, the small-signal 
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widening of the collector depletion layer also affects the emitter input 
resistance of the transistor. Fora given emitter voltage Vz, the minority- 
carrier current injected into the base sees an impedance the magnitude of 
which is determined by the thickness and impurity profile of the base 
region. If the collector reverse bias V¢ is increased so that the effective 
base thickness is reduced by the widening of the depletion layer, there 
results a reduction in emitter resistance, permitting more emitter current 
to flow. Another way of looking at this change in emitter resistance with 
collector voltage is to consider the emitter current to be constant. The 
emitter current may be expressed by 


d 
Iz = — GAD» (11-24) 


where dp/dx is the concentration gradient of the holes diffusing in the 
base region. If the injected hole concentration at the emitter is p,,¢2”2/*" 
and at the collector p = 0 (owing to the reverse bias), then for a base 
width of W, Eq. (11-24) becomes 


Tyas ae ee eaValkT (11-25) 


where Vx is the emitter junction voltage. If Iz is to be constant and W 
is reduced because of collector widening, it is apparent that Vz must 
decrease accordingly. In other words, the emitter potential is adjusted to 
maintain dp/dz constant. 

For a-c operation, this effect appears in the form of a small-signal a-c 
feedback voltage (for constant J) in series with the emitter resistance r-. 
Expressed mathematically, the emitter feedback voltage, as given by 
Early, is pede, where v, is the a-c collector voltage and u,. is the voltage 
feedback factor, defined as 


Kec = 


OVE 


OVe Ir = const 


(11-26) 


To obtain the expression for ye... we make use of the derivative of Eq. 
(11-25). Since both W and Vz are variables, the derivative with respect 
to Vc is 
Olz a qD pwPrnvA qerV a/kr OVa 
OVe - W kT Ve 


—WMyppmwA IW 
W? Ve 


+ eV el/kT 








(11-27) 


For constant Jz, Ol2/0Vc must be zero. Therefore, pe. may be 
obtained by setting Eq. (11-27) equal to zero and solving for 0Vx/dV¢. 
Consequently, 


0- ET 3V—” W 8Ve 
— OVE Kae kT ow i 
or Kec = ae oad qW aVo (11-28) 
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The widening-rate term appears here, too. It should be noted that the 
voltage feedback factor wee is independent of emitter current because of 
the logarithmic relation between emitter current and emitter potential. 
The term W is the effective thickness of the base region at the collector 
bias Ve. As will be shown at the end of this chapter, emitter voltage 
feedback ».< appears in the equivalent circuit in the form of an a-c 
generator equal to pecl’: in series with the emitter resistance 7. The effect 
of this generator is to increase the low-frequency input resistance of the 
transistor. 

11-5. Base Feedback Resistance. In the analysis of base resistance, 
we were concerned with resistive effects on the base-current components 
of the transistor. As was mentioned, there is a direct current flowing in 
the base region; this arises from the recombination of the emitter bias 
current. If the thickness of the base layer decreases and increases as the 
collector depletion layer widens and narrows with the a-c voltage varia- 
tion, then an a-c modulation of the d-c base resistance is introduced, since 
the latter is inversely proportional to W. Therefore a small a-c variation 
is superimposed on the d-c voltage drop in the base region and appears as 
an additional feedback voltage generator ,.”- in series with the base 
resistance rz. Mathematically, this is? 

or, OW 


Mode = Ip aw aVe Ve (11-29) 


where Ip = d-c base current 

dW/dVc = rate dependent upon nature of collector junction 
ve = a-c collector voltage 

The base voltage-feedback factor is therefore 


/ 
Moc = Ip ae a (11-30) 
Ioxpressions for dr,/9W may be obtained by differentiating the appropri- 
ate rf, equations for the various geometries. In any case, the region 
most affected by the modulation corresponds approximately to the area 
of the emitter junction. Since for any geometry r} is proportional to 
sheet resistance or 1/W, 


or; 7 
s--t (11-31) 


Therefore, from Eqs. (11-80) and (11-31), we have 


r, OW 


Mee = —Ip W aVe (11-32) 


Generally, for high-alpha transistors at typical emitter currents, Jp is 
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very small, making »,- negligible compared to the other feedback effects 
at low frequencies. 

11-6. Collector Diffusion Capacitance. Another effect which stems 
from the a-c widening of the collector space-charge barrier concerns the 
charge (holes) stored in the base region by the emitter bias current. As 
collector voltage is varied, this charge varies accordingly, giving rise to a 
diffusion capacitance.? Consider, for example, the hole distribution as a 
function of distance in the base region of a p-n-p junction transistor under 
conditions of d-c bias. For a constant emitter current the concentration 
gradient is approximately linear, as shown in Fig. 11-1. Atz = 0 (the 
emitter junction), p(0) = p,»et”#/*", which is the injected hole concentra- 

tion. At az = W, p(W) = 0, since 

4 all the holes are being swept out 

p(x) by the reverse-biased collector junc- 

tion. Since the diffusion current 


Pnpe VE/ KT. : 
Tz 1S 


a 





y 3 —qAD» 2 (11-33) 


where dp/dz is the slope of p(z), 
then, as before, 





Pnb 
x—> Iz = (AD W eV a/kT 
InW 
ValkT — & & 
Fig. 11-1. Widening effects on base-region O° es hae Aq (11-34) 


charge for constant emitter current. 


(After R. N. Hall.) If the collector voltage is in- 


creased an amount AV¢ such that 
the base width is reduced by AW as shown in Fig. 11-1, then p(a) will be 
shifted by an amount equal to AW. For constant emitter current, Eq. 
(11-33) dictates that the slope must remain constant; therefore the emitter 
hole concentration must decrease by an amount equal to Ap. This ac- 
counts for the change in emitter potential, which gives rise to the u.. term 
described previously. As a result of this new distribution, a quantity of 
charge AQ equal to the shaded area of Fig. 11-1 must diffuse out of the 
base into the collector. The ratio of this charge AQ to the change in 
voltage AV¢ is called the collector diffusion capacitance C p-, or? 


_ 4g 
~ AVe 
For the parallelogram (shaded area) of base AW and height p,»e?”*/*”, 


AQ = gAprnee?’2!*? AW 


AW 
and Coe = GA pywetYalet 





Cm (11-35) 





(11-36) 
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Substituting Eq. (11-34) into (11-36), we get, in the limit, 


InW OW 

Co. = eV, (11-37) 

The diffusion capacitance adds directly to the capacitance of the collector 
depletion layer. Itis seen that Cp, is directly proportional to the emitter 
current Jz and inversely proportional to the collector voltage Vc. As 
the frequency of the a-c collector voltage is increased, the time required 
for the charge at the emitter end of the base to diffuse to the collector 
junction becomes comparable to the period of the a-c voltage and Cp, 
effectively becomes complex.* The subject of diffusion admittances will 
be covered in greater detail by the high-frequency analysis of Chap. 13. 
11-7. Low-frequency Equivalent Circuit. At this point we are in a 
position to write the complete a-c equivalent circuit which characterizes 


Emitter Collector 











Y 


é 
Base 


"ra, 11-2. Low-frequency junction-transistor equivalent circuit. (After J. M. Early.) 


the operation of the junction transistor at low frequencies within the 
audio range.‘ By adding all the effects of collector depletion-layer 
widening and base resistance, we obtain the complete low-frequency 
equivalent circuit of Fig. 11-2. The output conductance g, is shown in 
parallel with the constant-current generator al. The a-c voltage-feed- 
back generator y,.v’- is Shown in series with the a-c emitter resistance re. 
l'inally, the resistance r, and the modulation voltage generator pod. are 
added to the base terminal. In Chap. 12, a detailed network analysis of 
(his cireuit will be performed, giving rise to the equivalent h parameters 
for low frequencies. Nevertheless, we can immediately make some 
qualitative remarks concerning the low-frequency characteristics of the 
(transistor in the range well below the base-cutoff frequency. 
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At very low frequencies such that the effect of capacitance across g, may 
be considered negligible, the open-circuit feedback voltage looking in at 
the emitter would be, by inspection, as follows: 


ree 
/ 
Ppletaile 


where r, = 1/g.. The current generator is omitted since I z would be zero 
for open-circuit emitter. Since r, is usually very much greater than 7%, 
Eq. (11-38) simply becomes 


q, 
Ve(oc) = Ve (m. te Moe sie re) 


Ve(oc) = Mee + + Lode (11-38) 


c 


Veioe) = [(Hee + Hie)re + rg] (11-39) 


Examination of this result indicates that it would hold for a circuit of the 
form shown in Fig. 11-3, where, for large values of r., the current 7 is 





rp =(Hec F be te 


Vv 
‘e(oc) Fa tr 


B 
Base | 
Fia. 11-3. Open-circuit equivalent for Iz = 0. 


upproximately equal to v./r.. In effect, what this means is that at low 
frequencies the effective base resistance rg of the transistor is not rp, 
but is 


ra ~ rp +r (11-40) 
where va os (Mec at Hbe)Te (11-41) 


In Eq. (11-41) re = 1/9c3 (Mee + bee) Was previously determined to be 
(1/W)(kT/q + Inry)(@W/0Vc). 

At high frequencies, the impedance of the collector capacitance is 
considerably smaller than r,, such that the feedback voltage across ry 
increases appreciably, becoming much greater than (ue. + psd. This 
effectively swamps out the (uc + po)? resistive term so that, at high 
frequencies, the base resistance becomes ry only. 

To conclude this chapter it must be pointed out that the feedback 
effects due to depletion-layer widening appear primarily in junetion 
transistors for which the base resistivity is higher than the collector 
resistivity. For graded transistors in which the collector resistivity is 
higher than the base resistivity, js, pe, and g, become considerably 
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smaller. This is because the base width is practically constant, since the 
barrier spreads mostly into the collector region. Thus we see that the 
magnitude of the term 8W/dV¢ becomes the most significant factor in 
determining the low-frequency characteristics of the transistor. 


PROBLEMS 


11-1. The low-frequency equivalent circuit for an alloy transistor may be approxi- 
mated by the circuit in (a), where ry is the effective base resistance introduced by 
widening effects. For room temperature, calculate the values of all the elements of 


Pnb= 2 ohm-cm 






Ppe=-O0l ohm-cm 


Ppc= OO! ohm-cm 
F = = Wo= 1.5 mils 


20 mils 


fo= 





=lO mils (eff 
Cee Lpp=!O mils (eff) 
Lne= 0.15 mils 
Ring base 
contact 
the circuit at Ve = —5 volts and Jz = 1 ma for the p-n-p germanium-alloy transistor 


shown. The geometry is circular and the junctions are equal in area and 
penetration. Assume low-level injection conditions are applicable. 
11-2. Compare the magnitudes of the base-widening factor 2W/dVc for a p-n-p 
germanium MADT transistor and a p-n-p germanium epitaxial mesa transistor for 
Ve = —5 volts. The MADT device has a base 10 uw thick, with a donor impurity 
concentration of 101° atoms/cm, and an n-type layer 2 » deep diffused into it. For 
the epitaxial mesa device the base is an n-type layer 2 » deep diffused into a p-type 
epitaxial layer 10 » thick and having an acceptor impurity concentration of 10% 
atoms/cm’, (Assume that the impurity profile of the collector junction of the 
epitaxial mesa device is linear, having a grade constant a = 10° atoms/cm‘.) 
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Low-frequency h Parameters 





12-1. Small-signal Parameters for Transistors. In developing the 
theory of the junction transistor, we have been able to establish an 
approximate equivalent circuit!* which represents the electrical charac- 
teristics of the theoretical transistor. The effects of frequency on the 
carrier diffusion process have not as yet been introduced, so the parame- 
ters obtained thus far are assumed to be independent of frequency. tf 

Nevertheless, for very low frequen- 

Pe, , ; ate 
Emitter | Equivalent | Collector cies this equivalent circuit (Fig. 
et a Pee dae 11-2) holds very well. The indi- 
Input->V, ~ hagfidae \e~Oulput vidual elements of this circuit, r., 1%, 
Jc Meco, &, etc., were obtained from 
iss the analysis of the basic physics of 
Fia. 12-1. Four-terminal network repre- the transistor and the current-volt- 
er aa eine a age relationships derived from same. 

From the standpoint of the circuit designer, these equivalent-circuit 
elements cannot be measured separately, since they are all contained 
within the three terminals of the transistor (emitter, base, and collector). 
Figure 12-1 illustrates the point; the equivalent circuit representing the 
transistor is shown completely contained within the dashed lines, and 
only the three outside terminals are evident. Actually, this may be 
considered a four-terminal network with the base terminal common to 
both input and output. In order to properly characterize the low- 
frequency performance of the junction transistor at a particular operating 
point (direct emitter current and collector voltage), it becomes necessary 


* References, indicated in the text by superscript figures, are listed at the end of the 
chapter. 

{+ The one exception is alpha, for which the frequency dependence of the base- 
transport factor (base-cutoff frequency) was derived in Chap, 8. The frequency 
variation of all parameters will be treated in Chap. 13. 

256 
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to make a-c measurements at the input and output terminals and to 
relate the results to the equivalent circuit. 

In general, if v, and z, are known at the input and », and 7, are known at 
the output, they may be related to each other by any one of six pairs of 
simultaneous circuit equations.? In each pair of equations there are 
four coefficients which are constants and are related to the elements of the 
network. These four coefficients are the small-signal parameters of the 
network and have values depending on which of the six pairs of equations 
is used. As far as transistors are concerned, we need be concerned with 
only three of the six possibilities. These three are those equations in 
which the coefficients are expressed in terms of either impedances Z, 
admittances y, or hybrid coefficients h. The latter are combinations of 
impedances, admittances, and constants. 

Consider first the impedances Z. If the circuit equations for the 
transistor network of Fig. 12-1 are written, they are of the form 


Ve = “ite + Zy2K0 (12-1a) 
Ve = Zoite + Zavte (12-1b) 


where the Z’s represent the small-signal impedance parameters of the 
network. It should be noted that these equations are of a completely 
general form and apply to any linear four-terminal network. Suppose we 
are interested in finding the magnitude of Z:;. This may be obtained 
from Eq. (12-1la) by letting 7, = 0; Zi: = v./%.. In other words, Z; is 
the input impedance of the transistor with the collector open-circuited 
(o alternating current. From a measurements point of view, this is 
rather difficult to do because of the high impedance output of the collector, 
which makes it difficult to apply d-c bias and still maintain true open- 
circuit conditions.* The same problem occurs also in the measurement 
of Ze of Eq. (12-16). Because of these measurement problems, the 
4 parameters are rarely used for transistors. Furthermore, it has been 
pointed out by Pritchard that even at low frequencies within the audio 
range, the small-signal Z parameters are not independent of frequency. 
The second possibility might be the use of the admittance equations, 
or the so-called y parameters. For the junction transistor, these are of 
the form 
te = Yie + Yi. (12-2a) 
te = YoWe + Yrve (12-26) 
where the y’s are the admittance parameters. (Admittance is the recip- 
rocal of impedance.) Here too, cireuit difficulties are encountered in 
\rying to make appropriate measurements. For example, if it is desired 
(0 measure the feedback admittance yi, it is necessary to be able to 
measure extremely small voltages, since the yi. measurement requires 
thate, = 0. Itmay be argued that qs, (12-24) and (12-2b) are identical 
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in form to the results obtained for the one-dimensional diffusion analysis 
of the transistor and would therefore truly represent the physics of the 
device. However, it must be realized that the analysis did not include 
the base resistance rz, which was added to the equivalent circuit as a 
lumped resistance.* Consequently, when the complete equivalent circuit 
including rz is considered from the admittance point of view, the expres- 
sions become rather cumbersome. 

Finally, there remain the hybrid small-signal parameters, the so-called 
h parameters, which are given as 


Ve = hate + higve (12-3a) 
te = hoite + horde (12-3b) 


By inspection of these equations, it is seen that hz and hy; are dimension- 
less quantities and hi; and ho: are an impedance and admittance, respec- 
tively. From the measurements standpoint, the A parameters fit in 
extremely well with the characteristics of the transistor, since they can 
be obtained by either open-circuiting the low-impedance emitter circuit 
or short-circuiting the high-impedance collector circuit.? It is this 
suitability that has led to the adoption of the h parameters for specifying 
the small-signal parameters of the junction transistor. As will be seen 
in the next section, these parameters are also consistent with the device 
physics, since ha: corresponds to alpha and hy»: to the voltage feedback. 
12-2. Grounded-base h Parameters. The use of h parameters is the 
accepted method of describing the linear small-signal parameters of the 
junction transistor. In order to facilitate rapid comprehension of the 
coefficients, the numerical subscripts have been replaced by letter designa- 
tions which more clearly define both the terms and the circuit configura- 
tion. For the grounded-base circuit configuration, Eqs. (12-3a) and 
(12-3b) are written as 
Ve = hinte + hive (12-44) 
> = hyvte a hove (12-4b) 


where the second letter in each subscript (b) denotes grounded-base 
parameters. The first letters read as follows: 7, input; r, reverse; f, 
forward; 0, output. If the h parameters are specified for grounded- 
emitter operation, the b is replaced with e, but the first letters remain 
the same. We can now proceed to examine each grounded-base parame- 
ter individually. 
In Eq. (12-4a), if we let v. = 0 by shorting the collector output circuit, 
then 
he = = ohms (12-5) 
te |ve=0 
Thus, hz represents the input impedance of the transistor, in units of 
ohms, with the output short-circuited. 
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Also from Eq. (12-4a), if we let <, = 0 by open-circuiting the emitter 
circuit, then 


he» = — (12-6) 


Since h,» is a ratio of voltages, it remains dimensionless and is called the 
voltage feedback ratio. hj» is measured by applying a voltage to the 
collector and measuring the open-circuit emitter voltage. From a net- 
work standpoint, it is also called the reverse-voltage transfer coefficient. 

In Eq. (12-46), if we let ve = 0 by shorting the collector output circuit, 
then 4 

hn== (12-7) 
Ve |ve=0 
which is the ratio of the collector current to the emitter current, or more 
commonly, alpha (a). This, of course, is also dimensionless. The sub- 
script fb refers to the network nomenclature, i.e., the forward-current 
transfer coefficient. 

The fourth h parameter is deter- 
mined by open-circuiting the emitter, 
making ¢, = 0 in Eq. (12-4b). This 
gives 

he = — mhos_ (12-8) 


Ve \ie=0 





Fie. 12-2. Basic h-parameter equivalent 


which is the collector output admit- *!% - 
circult. 


tance expressed in mhos. 

Thus, each of the four definitions above specifies the conditions at 
which any of the h parameters is measured. An examination of the 
circuit Eqs. (12-4a) and (12-46) will reveal that it is possible to establish 
a basie equivalent circuit in which the h parameters appear as a lumped 
element or part. Such an arrangement is shown in Fig. 12-2, in reference 
to a grounded-base transistor.‘ In this circuit, hj and h.» represent the 
input impedance and output admittance, respectively. h,» appears 
within a feedback-voltage generator in the input circuit, and hy appears 
us part of the constant-current generator hy, in the output circuit. One 
will note the similarity of this equivalent circuit to that of Fig. 11-3. 
‘This illustrates the close relationship of these external circuit parameters 
\o the internal device parameters, making the h parameters convenient to 
(the cireuit and/or device designer. 

12-3. Application to Equivalent Circuit. Having defined and demon- 
strated how the h parameters are related to the general four-terminal 
network, we can now apply the measurement criteria dictated by Eqs. 
(12-5) to (12-8) to the low-frequency equivalent cireuit for the junction 
transistor, ‘This cireuit is repeated in Mig, 12-3 for reference, rearranged 
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slightly to be more in the form of a four-terminal network. Both the 
emitter and collector capacitances are excluded, since at low frequencies 
their effects are negligible. Also, as we saw in Chap. 11, the parameter 
Hoc’., Which arises from depletion-layer widening effects in the base, may 
be considered negligible compared to pec’c. It must be emphasized that 
the values obtained for the equivalent-circuit parameters hold only for 
the particular d-c emitter bias, d-c collector voltage, and operating 
temperature of the transistor. For other operating points, a new set of 
values must be calculated. In the sections to follow, each of the h 
parameters for the circuit of Fig. 12-3 will be derived and consideration 
will be given to the variations with bias and temperature of each one. 
The treatment will be of a general nature and the results obtained will 
apply to both n-p-n and p-n-p types of any geometry, for grounded-base 
operation only. 





HecVc 
Emitter "e = Collector 


Ve 





Fig. 12-3. Low-frequency equivalent Fie. 12-4. Equivalent circuit for his. 
circuit for the grounded-base transistor. 


12-4. The Input Impedance hy. This parameter is the ratio of the 
a-c emitter voltage v, to the emitter current 7,, with the output terminals 
of Fig. 12-3 shorted so that the collector voltage v. = 0. With v. = 0, 
the three depletion-widening terms y.., v., and g, are omitted from the 
circuit, which is shown in Fig. 12-4. The current generator az, is shunted 
across the base resistance rj. If we convert the current generator to its 
equivalent voltage generator,* the loop equation is simply 


Ve = U(Te + 1p) — ters (12-9) 
Manipulating Eq. (12-9) and dividing by 7, we get 
Ve 


Tite = Gy Shite + r,(1 — a) ohms (12-10) 


For a high-alpha transistor, the term (1 — a) is usually quite small, 
ranging from 0.05 to as little as 0.005, thereby making the second term 
quite small, even though ri, may be several hundred ohms. The emitter 


*A voltage generator equivalent to a current source is a voltage, equal to the 
product of the current a7, and its shunt resistance ry, in series with the resistance ree 
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resistance r, is given by k7'/qIz and is seen to be inversely proportional to 
the direct bias current; it is about 26 ohms for Zz = 1 ma at room tem- 
perature. Therefore, it would be expected that h» is between 30 and 
100 ohms, depending mostly on the magnitude of a. From a design 
point of view, h» should be as low as possible. 

12-5. Reverse-voltage Feedback h,,. This parameter is defined by 
Eq. (12-6) as the ratio of the open-circuited emitter voltage v, to the 
collector voltage v.. For all practical purposes, it is a measure of the 
effective base resistance of the transistor. With the emitter open- 
circuited, the current generator in Fig. 12-3 is set equal to zero. Thus 
the current 7, is equal to v, divided by r’, in series with the reciprocal of g.. 
This current develops a voltage across ri, equal to 


Viti 
rp + 1/9, 
In most junction transistors, r, is considerably smaller than the magni- 


tude of the second term in the denominator of Eq. (12-11) and can be 
neglected. Therefore, (12-11) becomes simply 


(12-11) 


yi a 
tla = 


415 = VBI (12-12) 
At the emitter terminals, the feedback voltage is given by 


Ve(oc) = Mee + as 


Ve(oc) = Ve( Mec = eG) (12-13) 
The feedback parameter h,» 1s, finally, 
hr = Mec + rod, (12-14) 
where pe, given in Chap. 11, is 
kT oW 
ea Pe BY (12-15) 
—I ow 
and Je = a [201 — 6*) +1-y—>— 5c (12-16) 


Both dW/dVc¢ and rj, are determined by the geometry of the transistor. 
In general, the low-frequency value of h» might be on the order of 10~‘. 
12-6. Forward Current Transfer hy. We have seen that this h parame- 
ter corresponds to the small-signal alpha of the transistor, defined as the 
ratio of the collector short-circuit current to the emitter current, or, very 
simply, 
hn = = =-a (12-17) 
This result, may be obtained directly by inspecting the equivalent circuit 
in Fig. 12-3 for short-cireuited output. If g, is very small, it may be 
assumed that 7, © at, giving immediately the desired result for hy. 
Thus, hy becomes the product of the emitter efficiency y and the base- 
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transport factor 6*, for which the equations are given in the previous 
chapters. 

12-7. The Output Admittance h.. From Eq. (12-8), h» is the admit- 
tance seen at the output terminals with the emitter open-circuited. It is 
apparent that this is equal to 


ho = Ge (12-18) 


where g, is the conductance given by Eq. (12-16). Note that the term 7, 
has been omitted since its small magnitude does not contribute appre- 
ciably to the total output admittance. 

It is convenient at this point to summarize the expressions for the low- 
frequency h parameters obtained thus far. 


he = te + rp(1 — a) 


heb = pee + THI. grounded base (12-19) 
hyp Pa, OY 
hop = Je 


The significance of these small-signal h parameters should be obvious 
to the designer. They not only provide an easy means of evaluating the 
characteristics of the transistor, but also serve to indicate how well the 
device satisfies the criterion for signal gain. We recall that for maximum 
amplification the input impedance hj should be as small as possible, while 
the output impedance should be as large as possible. Specifically, this 
means that it is preferable that h., be small (less than 1 wmho). The 
current gain hj should be close to unity. Lastly, h,, should be quite 
small to minimize the feedback of the collector output to the emitter. 
At higher frequencies, a low h,, is essential for high power gain. 

12-8. Variations with Emitter Current. In the foregoing treatment of 
the small-signal h parameters, we have been concerned only with the 
results at a particular d-c bias condition and operating temperature. 
Because the device parameters to which the h parameters are related are 
dependent upon either emitter current or collector voltage, it is essential 
to examine the manner in which the h parameters vary with bias condi- 
tions. These variations are of utmost importance to the transistor 
circuit designer, particularly for amplifier applications, where the gain 
characteristic is a function of the individual h parameters. In See. 
12-10, the variations with temperature will be considered. 

For purposes of illustration, typical grounded-base h-parameter charac- 
teristics for the type 2N335 junction transistor are shown in Vig. 12-5, 
This is an n-p-n silicon transistor made by the grown-diffused process 
(grown junction). In the figure, the variations are normalized with 
respect to the measured values at J» = Ima, Ve = 5 volts, and T' = 25°C, 
For these conditions, the typical design center values are as follows: 
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h» = 42 ohms, hw» = —0.98, h» = 0.4 &K 10-3, ha = 0.4 umhos. These 
values are representative of most junction transistors, including germa- 
nium. The variations with bias, however, are representative only of 
transistors made by the single-ended impurity-contact processes. As a 
basis of comparison with those transistors made by the double-ended 
impurity-contact processes, Fig. 12-6 illustrates the h-parameter varia- 
tions for the 2N43 p-n-p germanium-alloy transistor. As we shall see, 
differences in h-parameter variations among the many junction-transistor 
types are traced primarily to the J¢go characteristic, the way base width 
varies with collector voltage, and the variation of alpha with temperature 
and emitter current. 

In Fig. 12-5a, the room-temperature variations with emitter current 
are shown. Instead of hy, which corresponds to alpha, the parameter 
(1 + hy), which corresponds to (1 — a) is plotted. It is seen that 
(1 + hy) reaches a minimum at about 2 ma and begins increasing again. 
In other words, for this silicon transistor, alpha reaches its maximum at 
2 ma and decreases at the higher currents. This is typical for silicon, 
particularly for the bar-type geometries. For p-n-p alloy transistors such 
as the 2N438, the parameter (1 + hy») is practically constant up to emitter 
currents in excess of 10 ma. The theoretical justification for the behavior 
of alpha with current was presented in Chap. 10. 

The variation of the input resistance hy with Jz, shown in Fig. 12-5, is 
typical for all types. This is because hw is dependent on 


hep en ea (12-20) 
Ur 


where the first term is the emitter resistance r,, which is inversely propor- 
tional to Tz. At the higher currents, hz decreases more rapidly because 
of the reduction in 7, due to high-level injection effects. However, if a 
decreases accordingly, it may compensate for the r, decrease, such that 
hw» levels off to a constant value at the higher currents. 

Also shown in 12-5a are the variations of the output admittance hj». 
We have seen that this is dependent on q. 


—ls * es yee A 
w 20 - 8*) +1- Way (12-21) 





hor = 


l’or all types of transistors, it is obvious that h,» increases linearly with 
emitter current as shown above. However, if 6* and y (or alpha) fall off 
with current, h,» increases more rapidly with Jy. This accounts for the 
variation shown in (a) for the 2N835. Por the germanium-alloy type 
2N48, where (1 ++ hw) hardly changes, the h» variation is a straight line. 
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Fig. 12-5. h-Parameter variations with 
bias and temperature. Typical charac- 
teristics for 2N335 n-p-n grown-junction 
silicon transistor. (a@) Common base 
characteristics vs. emitter current; (b) 
common base characteristics vs. collector 
voltage; (c) common base characteristics 
vs, junction temperature. (Courtesy of 
Texas Instruments, Ine,) 
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Finally, since h, is given by 


ee OW 


hry = 
where the first right-hand term corresponds to the voltage-feedback 
factor pee, it would be expected that h,, have the same variation as g, or, 
more specifically, ho». Actually, as shown in Fig. 12-5a, h,» increases in a 
parallel manner but at a slower rate. This is due to the fact that 7, 
decreases with emitter current, but not quite as fast as g, increases. The 
variation of h,» with Iz shown in (a) is typical of most transistor types. 

12-9. Variations with Collector Voltage. The variations of the 
grounded-base h parameters with collector voltage for the 2N335 transis- 
tor are shown in Fig. 12-5). Emitter current is kept constant at 1 ma 
in the figure. As is expected for almost all transistor types, the parame- 
ter (1 + hy) decreases with collector voltage. This is related to the 
increase in alpha as the effective base width decreases with barrier 
widening. Also, the parameter hj is shown to be practically independent 
of voltage; reference to Eq. (12-20) indicates why this isso. Firstly, r, is 
independent of Vc; secondly, as base width decreases, the increase in 7’, 
due to the larger sheet resistance is compensated by the increase in a. 
Thus, h» remains constant as shown. 

As evidenced by Eq. (12-21), the behavior of the output admittance 
h» with voltage is a direct function of the way base width varies with V¢. 
This is one parameter for which the over-all impurity distribution of the 
transistor becomes an important consideration. For types such as the 
2N335, in which the collector resistivity is higher than the base resistivity, 
the collector barrier spreads further into the collector region as voltage is 
increased. Consequently, the slight change in W is not as effective as the 
decrease in (1 + hy) and [from Eq. (12-21)] hos decreases with collector 
voltage. On the other hand, for an alloy transistor such as the 2N43, 
the behavior of h. is slightly different. Initially, h., decreases because of 
the decrease in magnitude of 9W/dV c, since this decreases as Vz". How- 
ever, at the higher voltages, the reduction in base width W predominates, 
and h» starts increasing again. 

Vinally, as shown in Fig. 12-56, the voltage-feedback parameter h,» 
varies in the same manner as h because of a similar dependence on g,. 
This is also evident in Fig. 12-6). 

12-10. Variations with Temperature. The effects of temperature on 
the grounded-base h parameters are given by Figs. 12-5¢ and 12-6c. It 
is seen that in all cases the parameter (1 + hy) decreases with tempera- 
ture, This is attributed to the increase in alpha due to the increase in 
carrier lifetime with temperature and is observed in both germanium and 
silicon transistors, Another parameter which behaves consistently with 
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temperature for most junction transistor types ish». This is dependent 
primarily on the magnitude of the emitter resistance 7., which varies 
directly with temperature as kT/qIz. Therefore, h» increases slightly 
with temperature. 

The variation of h with temperature is an excellent example of the 
importance of having a low Jcgo current rating. One recalls that g. is 
defined as 0[c/dVc. In the derivation, the Iczo term was omitted 
because it was presumed to be negligible. In practical junction-transistor 
design, however, the effects of surface leakage cannot be completely 
minimized. Consequently, the output conductance is increased by 
the addition of a surface-leakage conductance, given as dI¢x0/0Vc, 
where the I¢go term includes both the bulk and surface components. 
Although alpha tends to increase with temperature, causing g. to decrease, 
jt is found that the leakage conductance (corresponding to the slope of 
the I¢gso — Vo characteristic) increases with temperature. This is 
particularly noticeable in germanium transistors. Therefore, ho increases 
with temperature, as noted in Fig. 12-6c, representing a reduction in 
collector resistance. Similar effects occur in silicon devices but appear 
at much higher temperatures. 

As noted by Eq. (12-22), h,» is not only dependent on the total output 
conductance, but on pee as well. Because of the variation of ho» with 
temperature just discussed and the fact that y,. varies directly with 7, it 
follows that h,, would increase with temperature faster than /o». 
This is demonstrated by the temperature characteristics of the 2N335 
in particular. 

It is appropriate at this point to emphasize what has been accomplished 
in these sections regarding the variations of the low-frequency h parame- 
ters with bias and temperature. We have been concerned only with two 
transistor types, viz., a grown-diffused n-p-n silicon and an alloy p-n-p 
germanium transistor. Although the results obtained are closely related, 
they in no way represent the characteristics for all possible transistor 
types. However, sufficient theory has been developed in the previous 
chapters to enable one to predict the behavior of the significant device 
parameters for almost all transistor types. If the over-all impurity dis- 
tribution and structure are known, such device parameters as OW/dV ¢, 
a, and g, are readily defined. Then the h parameters are described by 
employing the relations and methods introduced in this chapter. 

12-11. Grounded-emitter h Parameters. The low-frequency equiva- 
lent circuit for the grounded-base circuit configuration was shown in 
Fig. 12-3. This arrangement is a resistive T network having an active 
voltage generator y... in the emitter branch, The collector resistance ry 
is the reciprocal of the conductance @. 

When the junction transistor is operated in the grounded-emitter 
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configuration, the low-frequency equivalent circuit appears as shown in 
Fig. 12-7. Here both the emitter voltage and current v, and 7, have been 
replaced by the base voltage and current v and %. Since 


% = (1 — a)t, (12-23) 
or fy ge 

Le fim 25 (12-24) 
the current generator a7, from the grounded base circuit must be replaced 
by at%/(1 — a) for the grounded-emitter configuration. Note that 
a/(1 — @) is the grounded-emitter current gain 8 for the grounded- 
emitter transistor. With the input current as a reference, regardless of 


és ai,/(I-a) 








Base Collector 


Fig. 12-7. Equivalent-circuit transformation to grounded-emitter transistor. 


configuration, in order to establish the same collector voltage v, at the 
output, the resistance r, must be multiplied by (1 — a) for the grounded- 
emitter case. For high-alpha transistors the output resistance is reduced 
considerably, since (1 — @) is a small quantity. The general network 
equations for grounded emitter are then: 


YD = hicto + Nree 
Ze = hyped» Si Noede aay 


The same interpretations are applied to the h parameters. The only 
difference is in the second letter subscript, which is now e. Applying 
the same measurement principles to Eqs. (12-25) as for the grounded-base 
case, we can relate the h parameters to the equivalent-circuit elements of 
Fig. 12-7. For the input impedance hie, we have. 

hyn = 2 (12-26) 


th ve=0 
For the condition that 7, >> r,, it is easily shown that 


hin = ty + 7G rs a) (12-27), 


268 TRANSISTOR ENGINEERING 


The voltage-feedback parameter h,. is defined as 











hre = (12-28) 
Ve |is=0 
which would be 
a 
= —____*+____. 12-29 
Are Mec + Te ry rel = a) ( ) 
Again, if r.(1 — @) is greater than r., we get 
TeGe 
= eres a 12-30 
re Mec + a ae) a) ( 3 ) 
The current-transfer ratio is simply 
4, a 
= = 12-31 
Me 3 ce Tee MAP 
Lastly, the grounded-emitter output admittance is 
hoe = = (12-32) 
Ve |\in=0 
or, directly from Fig. 12-7, 
1 "Rec 
Se 2-33 
hoe re+tre(1 — a) G ) 


Since r, is usually quite small and p.<<1, Eq. (12-33) becomes, 
approximately, 
Jc 
gs 12-34 
hoe = 3) (12-34) 
Inspecting Eqs. (12-27), (12-31), and (12-34), we see that they are 
related to the grounded-base parameters by the single factor5 (1 — a). 
The one exception is h,. [Eq. (12-80)], because of the fact that the voltage 
feedback u.- is independent of the current. 
Summarizing the low-frequency grounded-emitter h parameters, we 
have the following: 





, Te 
hie = 'z = aGd—a) 
Nee = Mee + eae 
grounded emitter (12-35) 
a 
byes l—e 
pie 
hee = iat 


The salient feature of the grounded-emitter transistor is that only a 
small base current % is required to drive the device, giving very high 
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current gains. Furthermore, this method of operation is characterized 
by higher input impedances but lower output impedances. The over-all 
output voltage, however, does not differ from the grounded-base case 
since the maximum allowable load resistor must be reduced by (1 — a). 

The variations of the grounded-emitter h parameters may be deter- 
mined by properly relating the (1 + hy») variations to the grounded-base 
h-parameter variations according to Eqs. (12-35). It should be noted 
that if (1 + hy) is somewhat constant, the normalized grounded-emitter 
h-parameter variations are approximately the same as the grounded-base 
parameter variations. 


PROBLEMS 


12-1. The parameters of a junction transistor are as follows: a = 0.97, go = 
0.3 pmho, rz = 200 ohms. Additional measurements indicate that the low-fre- 
quency base resistance r; is 600 ohms. For this device, calculate both the grounded- 
base and grounded-emitter h parameters at Jz = 1 ma, Vc = 5 volts, and 7 = 27°C. 

12-2. For a grounded-base transistor it is found that hi = 55 ohms and ho = 
0.6 umhos. Determine the value of hy necessary to make the input resistance equal 
the output resistance for grounded-emitter operation (i.e., to make hie = 1/hoe). 

12-3. A 2N335 silicon n-p-n transistor is operated as a grounded-base voltage 
amplifier into a 20,000-ohm load resistor Rr. At 25°C, Vo = 5 volts, Jz = —1ma, 
hw» = 2X 10-4, hy = —0.983, ho = 0.2 pmhos, and hy» = 42 ohms. If voltage 
gain is defined as 

K= —hyp 
hin/Rr + hishos — hohse 





determine the gain at Jz = —1 ma and at Jz = —5 ma (refer to Fig. 12-5). 
12-4. Calculate the value of h,, at low frequencies for the p-n-p germanium-alloy 
transistor given in Prob. 11-1. 
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High-frequency h Parameters 





13-1. Introduction. Measurements of practical junction transistors 
indicate that the small-signal parameters are not independent of fre- 
quency. as was implied by the analyses of the previous chapters. The 
treatment thus far, including the effects of base-region widening, char- 
acterizes only the very-low-frequency performance of the transistor. At 
higher frequencies, especially in the vicinity of the base-cutoff frequency, 
the various relationships obtained are not completely valid, since they do 
not,take into consideration the observed reactive effects, particularly the 
junction capacitances. Therefore, in order to fully describe the theo- 
retical operation of the transistor (one-dimensional model), this chapter 
will present a first-order small-signal analysis which will include all the 
effects that were introduced heretofore. This complete treatment based 
on the work of Early and Pritchard!?* will yield both the direct bias 
and alternating signal currents including base-region widening effects, 
with the objective of establishing the frequency-dependent admittance 
parameters for the transistor. After suitable simplification of these 
admittance terms, a transformation to the appropriate h parameters will 
be made, yielding the final frequency relationships. The manner of 
variation of each h parameter with frequency will be discussed in turn, 
The effect of base resistance, however, will not be considered initially in 
the one-dimensional solution, but will be included at the very end, 

13-2. General Solution for Minority-carrier Currents. Consider again 
our one-dimensional model of the p-n-p junction transistor, where we 
have been concerned with carrier flow in the z direction only. This is 
shown in Fig. 13-1, where the emitter junction is at x = 0 and the 
collector junction at x = W, and where W is the effective thickness of the 
n-type base region. In addition to the d-ce bias voltages Vg and — Vey 


* References, indicated in the text by superscript figures, are listed at the end of the 
chapter, 
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there are impressed small-signal a-c variations of frequency w and of 
amplitudes v, and », at the emitter and collector, respectively. Thus, 
the instantaneous applied voltages are 


Ve = Va + vc" (18-1) 
Ve = —Ve + v6 (13-2) 


where e*' denotes the frequency function and v.<«< Vz and u.< Ve. 
The basic assumptions of the d-c analysis of Chap. 8, concerning 
the conductivities, dimensions, and characteristics of the various tran- 
sistor regions, apply here. Particularly, it should be recalled that we are 


x direction 





Fic. 13-1. One-dimensional p-n-p junction transistor. 


assuming that the injected hole density is small compared to the majority- 
carrier concentration (electrons) in the base, so that only diffusion effects 
are considered. With these assumptions in mind, we can immediately 
write the steady-state boundary conditions for the carrier concentrations 
at the emitter and collector junctions. At the emitter junction x = 0, 


p= Dnpet Vat rectos [kT (13-8) 


and at the collector junction x = W, 


p= Dnpet —Vetveelo!) kT (13-4) 


where pn» is the equilibrium hole concentration in the base region. 
Since we are dealing with small a-c variations, Eqs. (13-3) and (13-4) may 
be approximated by their series expansions. 


| 





pao ~ Peet ATL + (que/kT)'] = pz + pe (13-5) 
pew ~ Pee eV OlTL + (que/k Te] = po + De (13-6) 





u 


Thus, the boundary concentrations have been split into d-c and a-c terms, 
where the capital subscripts denote the d-c and the small subscripts the 
ae terms, Widening effects will not be introduced until later, 
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In order to solve for the hole concentration as a function of distance 
and time, viz., p(x,t), we make use of the general continuity equation for 
hole diffusion, which is 

a°p _ P — Pro _ Op 
Dov op tp 0! OF ee? 
where D,» is the diffusion constant for holes and 7,» is the hole lifetime in 
the base. For this partial differential equation, the solution may be in 
the form of a Fourier series,’ such as 


C} 


plat) = Y pm(x)e™" (13-8) 
which would yield an equation for each value of m, introducing an 
infinite number of higher-order terms. From a practical point of view, 
we are interested only in the average values (d-c) and the first-order a-c 
terms (fundamental or first harmonic). The higher-order terms should 
be relatively insignificant. Thus, we shall use Eq. (13-8) as a solution to 
(13-7) only for the conditions that m = 0 and m = 1; this gives a solution 
of the form 

p(a,t) = po(x) + pila)e" (13-9) 


From Eq. (13-8), we can write the partial derivative with respect to 
time as 


2 =jwp  form=0,1 (13-10) 


Substituting this result into Eq. (13-7) and putting the result into a more 
general form, we have 





ap aon 
De» 573 oe 
0°p 1 i fs 
a Lat (1 + jorp)p = 0 (13-11) 


where L,»? is equal to D,ur», the diffusion length. The general solution 
of Eq. (13-11) is of the form 


D — Dns = Act!Les + Be*lLos 4 (Ce22!Ln 4+ De-?2/4o0) et (13-12) 


where Z = (1 + jwr,s)’ and the coefficients are to be determined from 
the boundary conditions. It should be noted that the first two right- 
hand terms correspond to the d-c solution (m = 0) and the last term is 
the a-e solution (m = 1). To evaluate the constants, we insert the 
boundary conditions of Eqs. (13-5) and (13-6). Therefore, at x = 0, 
Pp = Px + De, OF 


pet DPe— Pw = A+ B+ (C+ De (18-18) 
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Also, at ¢ = W, p = po + De, or 


Do + De — Pur = AcW/Eoo + Be-W!4os 4+ (Ce2W/Lo» + De-2W/Lps) gat 
(13-14) 


Since both the d-c and a-c solutions must hold simultaneously in steady 
state, these equations may be separated into two pairs of simultaneous 
equations in order to obtain the constants. Considering only d-c terms, 
we have 

Pe—Pwo=A+B (18-15) 
Pc — Pn = AeW! Lyn + Be-W! Lyn (13-1 6) 


Solving for A and B and substituting 2 sinh x for e* — e~*, we get, finally, 





_ Po — Pwo — (Pe — pue—*!?n 
se 2 sinh (W/L) (LarLh 
Ute =: (po — Pn) + (Pz — Prv)eW! Me 
2 sinh (W/L) 


These results are substituted back into Eq. (13-12), thereby establishing 
the first two terms. It should be pointed out that this d-c solution for the 
hole concentration as a function of z is identical to that derived in Chap. 8. 

To obtain the a-c distributions, we can equate the remaining terms of 
the simultaneous Eqs. (13-13) and (13-14). 


pPe=C+D (13-19) 
De = (CeZW lLyo ak De-ZW Lye) givt (13-20) 





(13-18) 


Solving for the constants C and D, we get 
mee Deere ie 
~ 2 sinh (ZW/L,) 
pa W/Lyp 
t d = Ps + Pee? 4 
im D = Fainh @W/Lm) 


The substitution of the expressions for A, B, C, and D into Eq. (13-12) 
yields the complete final solution for the d-c and a-c hole concentrations. 
This is: 


(13-21) 


(13-22) 





— py oe PO Po — (Ds — pale Vm i, 
P — Prb 2 sinh (W/L) 7% 
te Geo Prt) + (pz — Das)e“V Em e—t/ Lys 
2 sinh (W/L,.) 


—Pe te pee2 hos —Z2x|Lyyejwt 
foe S| 








Po — Pee ZW Ln» 


+ > sinh (ZW/Ly) 


¢2tlLyrgiot + 





where the last two terms comprise the first-order a-c solution. 
To complete the picture for this p-n-p model, it is necessary to con- 
sider the electron components, Vor normal operation of the junction 
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transistor, there exist both the reverse-biased collector electron current 
flowing from collector to base and the forward-biased electron current 
flowing from base to emitter. The collector component will be neglected 
in this analysis. The electron emitter current is obtained by solving the 
diffusion equation for the electron concentration in the p-type emitter. 


07n 


1 : 
ar? os Lt (1 + Jwtne)N =) (13-24) 


where L,,. is the diffusion length of electrons in the emitter and 7, is the 
electron lifetime. Again, the combined d-c and a-c solution is of the form 


1 — Nye = Aletltine + Ble-ellne 4 (Ci! e2zllme + D'e-Z2llne)eiet (13-25) 


where Z’ = (1 + jwr,.)%. The method of evaluating the constants is 
identical to that of the hole flow, with the exception of the boundary 
conditions. At the emitter junction x = 0, the electron concentration is 
given as 

T= Tyger Vet rseien EL (13-26) 


or, for small variations, approximately 
N = NyeelValkT (: 4 aa -') =n +n (13-27) 


At the emitter ohmic contact, however, the electron concentration is 
equal to the equilibrium value n,., so that nm = n»,atx = —l. Applying 
these boundary conditions to Eq. (13-25), we can obtain both the d-c and 
a-c electron concentrations, in a manner similar to that for holes. For 
the a-c term, 
me sinh [Z’(a + 1)/Lnel . 


jut i 
EWC Th ed (13-28) 





N= Np = 


From this expression, we can proceed immediately to determine the a-¢ 
electron diffusion current by the relationship 


: dn 
Bn = AIO RS ms (13-29) 


Differentiating (13-28) and multiplying by AqD,., we have 
aes AqDneNpeZ' cosh [Z’ (a + 1)/DLnel ‘ 





jot mn 
’ jis anitZitad wae (13-30) 
Evaluating (13-30) at 2 = 0, we get simply 
U , 
tne nnd ead aie’, coth (7 9) givt (13-31) 
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If 1 >> Lne, then coth (Z’l/L,,.) is close to unity, so that 


— AgDnnyeZ’ eiut (13-32) 


ane 
Equation (13-32) represents the magnitude of the alternating electron 
current crossing the emitter junction, and obviously affects the emitter 
efficiency frequency response. The hole currents at the emitter and 
collector junctions may be obtained in the same way from Eq. (13-23), 
but this will not be done until base-region widening effects are considered. 
13-3. Introduction of Base-region Widening Effects.!. If Eq. (13-23) 
for the hole concentration is evaluated at the collector junction « = W, 
we observe both d-c and a-c values. These values, however, are based on 
a constant base thickness W and do not include the effects of the collector 
depletion layer which widens and narrows with the small a-c signal 
voltage. The variation in base thickness with frequency effectively 
modulates both the d-c and a-c concentrations, thereby introducing 
higher-order frequency terms which appear in the final solution in addi- 
tion to the initial concentrations. The terms arising from the a-c 
modulation of the a-c hole concentration at the collector are of very small 
amplitude and for all practical purposes may be neglected. Thus, we are 
left only with the significant first-order result obtained by the a-c widen- 
ing of the d-c concentration. This is similar to the widening effects dis- 
cussed in Chap. 11, with the exception that the dependence on frequency 
will be considered now. 
It will be assumed that the base-width variation is represented by the 
following relationship: 


W(t) = W + Wreiwt (13-33) 


where the second right-hand term represents the small-signal time varia- 
tion about the average value W. The amplitude of the variation is given 
by W,, which is very much smaller than W, so that it may be approxi- 
mated by 


ow 
Wi => Vc Ve 


(13-34) 
where v, is the a-c collector voltage across the junction. Since we are 
seeking an additional a-c solution of the form 


p' (x,t) = (He?*! 40 + Pe— 22! Lye) got (13-35) 


which will be added to the general solution of Hq. (13-12), the new bound- 
ary conditions for (18-35) must be determined, At the emitter junction 
v= 0, it will be assumed that widening effects are negligible, This is a 
good approximation since the emitter barrier is forward-biased and a», is 
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quite small to begin with. Therefore, 
p(0t)=0 2x«=0 (13-36) 


is the first boundary condition. At the collector junction z = W, the 
boundary condition is obtained directly from the d-c part of Eq. (13-23) 
by letting c = W + Wie. Using the first-order expansion 


e+! ciet/L) GW Lipn (+z +72 7 &) (13-37) 


we obtain, from (13-23), the following: 


po — Pwo — (Ps — Pe" wr, Y 
2 sinh (W/L) ; +7 © 
—(pe oF Dnd) sé (pe ii DuoyeW! mot, Wi jot 
it: 2 sinh (W/L) Lit gyi ke 
This result may be simplified by multiplying and regrouping terms. 
The modulated hole concentration at the collector is, finally, 








p'(W + Wie, t) = re eet | (vs — Pn) esch me — (po — Pnv) coth 7 | 
Lip ‘pb pb 


(13-39) 
Making the substitution for W, from Eq. (13-34), we get 
J <e W 
SW + Wack, ) = STMT (py — pu) sch 


— (pe — Pnv) coth i | (13-40) 
pb 


{t should be noted that this equation is simply the d-c collector (hole) 
concentration multiplied by the a-c widening factor. 
We can now proceed to apply these boundary values to (13-35) in order 
to evaluate H and F. Hence, 
=E+F (13-41) 
p'(W + Wieiwt, t) = (He !bos + Pe-2W!Enn) eiet (13-42) 


Solving these equations simultaneously and substituting the results back 
into (13-35), we get the final solution for base-region widening. 


iy Sinh (Za/Lys) " WwW 
P'(@t) = Soh (ZW/ Lm) (pe — Pa) esch 7 
ow vei! 


— (pe — Pn) coth 5 | Fr con (13-48) 


This expression, in addition to Eq. (13-23), gives us the complete solution — 


for the hole concentration p(x,t) in the base layer. By regroupment and 
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algebraic manipulation of the terms of (13-23) and addition of Eq. (13-43), 
(p — Dns) May be written as 


igi (pe — Pro) sinh (x/Ly») _ (pe — Pw) sinh [(c — W)/Ly»] 
i sinh (W/L) sinh (W/L) 
a pe sinh (Zx/ Lp») Pe sinh [Z(a — W)/L,] iat 
sinh (ZW/ Ly») sinh (ZW/Ly) 
sinh (Za/ Lp») Ww 
sinh (ZW/Ly) | pa SS 


W | ow a 
— (pe — Pw) coth ~— rs. IV (13-44) 











We see that this expression is actually the sum of the d-c, a-c, and widen- 
ing hole concentrations, in order. 

The total hole current in the base region is found from the diffusion- 
current equation 


Le, 


3) 
ae (13-45) 


where D,» is the hole diffusion constant and dp/dz is obtained by differ 
entiating Eq. (13-44) with respect to a. This yields the general hole- 
current expression as a function of x. Performing this operation, we get 


ke GAD» {(pe — Pns) cosh (x/ Le) 

xf Lp sinh (W/Ls) 
_ (pe — Pn) cosh [(x — W)/Lp) 

sinh (W/L) 

_ Zp. cosh (Z(a — W)/Lps) jap 
aeaW/La 





ne Zp. cosh (Zx/ Lp») 
sinh (ZW/Lpp) 

Z cosh (Z/ Ly) Ww 

sinh (ZW/Ly») | @ Pu — Dnb) esch 5 


W | OW vee 
— (pe — Pnv) coth — r | Sr. el (13-46) 


got 








From Eq. (13-46), the emitter and collector hole currents are determined 
by the substitution of x = 0 and x = W, respectively. This yields both 
the direct and alternating hole currents. However, because the d-c 
results had been determined in a previous chapter, we shall concern our- 
selves only with alternating currents, since the objective is to establish 
the small-signal frequency-dependent admittance parameters. There- 
fore, at « = 0, the emitter hole current (alternating current only) is 


- _ _ GAD wh pais re a4 
tye im a esch Ts pe. coth = 
-+ ese LS (pe — Pn») esch sil — (po — Pro) coth fe MEE eat 
Lipp Lipp aV C Lipp 
(13-47) 
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Similarly, at the collector junction z = W, we have 


Upe 


taal 5 aha Se — i oe 
Ly» Ly Ly 


ZW Ww ‘Mh Las 
+ coth +— ts — Pnv) esch ten (Pc — Pn) coth -— ia tlie | eet 


(13-48) 


As far as the total alternating diffusion currents are concerned, we can 
now state that 
te = Upe + tne (13-49) 
te = te (13-50) 


To obtain the total alternating emitter current 7, we must add to Eq. 
(13-47) the electron component 7,., which was given by Eq. (13-32) as 


tne = sepa Myeei*t (13-51) 
As a good approximation, the total collector current is about equal to the 
hole current given by Eq. (13-48). 

Lastly, there is associated with each junction of the transistor the june- 
tion or depletion-layer transition capacitance. We have seen that at the 
emitter, Cr, is quite large because of the forward-bias narrowing, while 
at the collector, Cr. is considerably smaller because of the depletion-layer 
spreading with reverse bias. At high frequencies, the admittances (jwC) 
become appreciable enough to contribute an additional capacitive-current 
component to each of the total junction currents. Therefore, the com- 
plete transistor current equations must be 


te I Ure ete tite + JwC rede (13-52) 
sick cicltiaeeand (13-53) 


where 7,, ve and 7,, v, are the applied alternating currents and voltages for 
the emitter and collector respectively. The expressions for Zp., tne, ANA Lpe 
are given by Eqs. (13-47), (13-51), and (13-48). 

13-4. The Admittance Equations. The total alternating currents, 
given by Eqs. (13-52) and (13-53), are functions of the a-c voltages v, and 
ve, Such that the equations may be written in the form 


= Yiwe = Yiwe (18-54) 
te = YoWe + Y2Ve (13-55) 


where the y parameters denote the various admittances. The actual 
expressions involved, we have seen so far, are quite lengthy. Neverthe- 





HIGH-FREQUENCY h PARAMETERS 279 


less, by examining the current equations carefully and making appropriate 
substitutions, we can reduce them to very simple relationships for the 
admittances. To begin, we can resubstitute the proper expressions for 
such terms as pz, Pc, Pe, and p., which were defined earlier. Note again 
that the capital subscripts denote d-c terms and the lower-case subscripts 
are for alternating components. Carrying out this procedure, we obtain 


gADpZ Zw 


~avolkr We ZW 
ae {Pa ip esch —— _ 


velkt We a 
— Pnoet’® kT coth ee 


== 


+ esch ave Dno(etV#/*? — 1) esch pap Dnv(e—2¥e/kT — 1) coth 7% 
ae 1 OFF Log 


a. i - ryatoee eer + jwCreve (13-56) 
, - _ _ GAD pZ —qveinn We oP... velkt We ZW 
and 4. = a {pa a iT coth an Dnv€! Epo sch | 
+ coth aud | sles — 1) esch i 
pb pb 


ow Ve 


— Pole"elkT — 1) coth — = i aVEL 


| +4eCrae (13-57) 
Recall that Z = (1 + jwr,»)” and that Z’ = (1 + jwrn)’*. Immediately 
we can make the approximation that, for reverse bias, e~?”¢/*7 is practi- 
cally zero in Eqs. (13-56) and (13-57). Grouping the terms by voltage 
to get the equations into the admittance form, we have, after considerable 
simplification, 


[q@tADpeZ panes” ak oe ca wah, 
She | kT Lp eT oe ee en 


— GAD pZpr» OW ee ZW | (eran — 1) esch nus + coth | Ve 
pb 




















Da 0Ve es IA Ly» 
(18-58) 
, PAD pZpnvet #47 ZW GAD nZ Pn» OW ZW 
te kT /Lyp esch sa Ve + Ly? aVe coth a 


| eran — 1) esch J a aie coth | ze jaCr.| ve (13-59) 


Iquations (13-58) and (13-59) are now in the admittance form of Eqs. 
(13-54) and (13-55). 
By noting certain similarities to the d-c equations derived in Chap. 8, 
we can make Bqs. (13-58) and (13-59) more concise.2 Consider first that 
part of the widening term common to each Boe viz., 


a? fat (eV nl” — 1) evch |, + coth » | (13-60) 





280 TRANSISTOR ENGINEERING 


From Eq. (8-31), as a result of the d-c analysis, we see that this is equal 
to the direct collector current I¢, assuming that the collector electron 
current is negligible. Furthermore, Ic may be expressed as aol z, where 
a is the low-frequency alpha and J, is the direct emitter bias current. 
Second, let us consider the other term common to », in Eqs. (13-58) and 

(18-59), which is 
GAD wPnd cavsinr (13-61) 

Ly» 


From Eq. (8-30), the total direct emitter current can be arranged as 
follows: 





ca QAD wpa VelkT W Drctipele gAD pPnv Wy 
Iz = a (e2 1) coth 7 ath Data. + te esch ia 
(13-62) 


By definition, if the emitter junction is reverse-biased so that €~2"#"" = 0, 
then Eq. (13-62) becomes Igcs, the emitter saturation current which 
flows if both junctions are reversed-biased.? In other words, (13-62) can 
be written 


gAD ppnset’ 2 ** ( W pene) ; 
Fug oe Oe i Licey os a NY Taine 
. ba POM 0 arabs. res ( ) 


Usually, Izcs is very small compared to Iz and may be omitted. T here- 
fore, we get 


GAD wpnseV ET Tp (13-64) 
Ly coth (W/Lys) + Dnetpely»/DpsPnoLine , 
Tz tanh (W/L,s) 


W 
~ THF DretineLips/D ProLine) tanh (W/L) Vole Te 








(13-65) 


where it is recognized that the denominator of Eq. (13-65) is simply the 
low-frequency emitter efficiency denoted by yo. 

After application of all the aforementioned modifications to the current 
equations, the simplified admittance equations become 


. _ | evoZ4Ww ZW , MpeDneZ' Lp J 
le = | (cot ro + wage + Jwl Te | Ve 


aS Gr Zool esch oa Vo (13-66) 











OVc Ly» Lipp 
awe ql vol W ZW OW Zy ln ZW a 
te = - (Sn kT Lp esch ia ve + aah coth Ta + jC re ) vo 


(13-07) 
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The y parameters are as follows: 








po YoLW (cotn ZW Mas) nal Lips 











yu ai Pelies Es “ aa) + JoCre ee 
reef Z ZW 
tS ee aol z i esch r (13-69) 
_ _ %0.4W pare ZW 
Y21 ros i (13-70) 
ow Z ZW 
Yor = + aVo ale 7 ica te + joC're (13-71) 


In Eqs. (13-68) and (13-70) above, the substitution 7, = kT/qIz was 
made. Because of the electron term appearing in Eq. (13-68), it becomes 
convenient to express yi: in terms of the frequency-dependent emitter 
efficiency y, which may be extracted by rearranging (13-68) as follows : 


LW ZW, ttyeDneZ’Ly , joCrerL 
= : th pet ne pb jw Te! eLipb 
came 5 (co Ll» | paDalln | veoR 





Factoring out a hyperbolic tangent and rearranging, we get 


yo LW/Lm Geen “ iGo) tanh ve | 














Vii “ieee 
Mg Te tanh (ZW / Lop) PnbD proline Yo ZW /Lp 
(13-72) 
where the bracket term is the frequency-dependent emitter efficiency, i.e., 
: (13-73) 
ati: (tw ister) tanh (ZW/Lp) 
DibD) whine Yo LW / Lp 


Using the same form, e.g., (tanh x)/z, for the other admittance expres- 
sions, we obtain, finally, the a-c admittance equations. 


1 ZW /Lip Yo 








yu 7, tanh (ZW/Ly) 7 sy 
_ _ Wad: ZW/Le 
yie aVe W anh (ZW/La) are?) 
LEMS ZW /Lp 
MT ite, sok (ZW Ga) (13-76) 
aW acl 
yoo = + ee kT sue, (13-77) 





OVe W tanh (ZW/Lys) 


13-5. Transformation to h Parameters. The admittance expressions 
|loqs. (18-74) to (18-77)] could readily be expanded into first-order terms 
and the results analyzed to establish the frequency dependence and the 
high-frequency equivalent circuit, However, it would be more con- 
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venient to transform or convert the y parameters into the more familiar 
h parameters and study the latter. From basic network theory,’ it is 
easily shown that 


il 

hu = — hy = 28 
Yur Yu 

his = ae hoe = Yor i— Huss 
Yu Yi 


With these relationships, we can make the appropriate substitutions 
and arrive at each parameter in turn. The short-circuit input impedance 
hi is simply 

1 __,, tanh (27 /Ly) 


Any vii ZW/ Ly a (18-78) 


where is given by Eq. (13-73). The voltage-feedback factor hiz becomes 
fe Y12 __ +ow aol g ZW/Ly» tanh (ZW/L») Y 








fas yi Ve W sinh (ZW/Ly»)’ ZW/Lp Yo 
_ OWkT ZW\ 
his = aVe gw %° sech ( re) ae (18-79) 


The current-transfer ratio ho; is 


how NS te LW/Lypy F tanh (ZW/Ly») v 
hae a E/E ee 


ho = —vy sech $0, (13-80) 
4pb 





Note that this result is identical with the general expression for alpha 
obtained in Chap. 8, where it was assumed that the emitter efficiency was 
unity and independent of frequency. This complete analysis, of course, 
brings in the y term. 

The last A parameter, viz., the output admittance ho, may be expressed 
by the following transformation: 


hoe = Yor — Yrshor 
When the appropriate substitutions are made, we obtain 


cole WL ZW/Lm  _ (ZW/Ly) y sech (ZW/Ly) 
W 8Vc| tanh ZW/Ly) sinh (ZW/Lp) 
(13-81) 





hee = jwCre + 


where y is the high-frequency emitter efficiency given by Hq. (13-73), 
The bracketed term may be manipulated further, such that 





see alr Wl ZW ZW | ZW sech? (ZW/L»)(1 — ¥) 
has = dare age iaies EE tanh TT + Le tanh ZW/Lp) 


(13-82) 
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Substituting Eq. (13-73) into (13-82) and simplifying the result, we 
obtain 








we ale OW | (ZW/L»)? tanh (ZW/L,») 
hoe <5 joCre + W ae ZW/L 
ZW\ DacZiNpe -. CTF. ZW 
2 Pp pe ll oat 
+ ¥ sech (32) jaye Koti + jw 8 sech | (13-83) 


‘rom Chap. 8, we recall that 6* = sech (ZW/L,») and that the low- 
frequency emitter efficiency y, is approximately 


1 
: aia i + DneNpeW /DprPnoLine 
DaeNpeW 1- Yo 


or ek mien 
Dip Proline Yo 








Inserting these results into (13-83) and neglecting the last term (contain- 
ing Cr.) which is usually quite small, we get, finally 


ale oW G4) tanh (ZW/Ly) 





haa = joCre + Tr ay, ta ZW/Ls 


Gels OW > 


4 Ww OV Yo 





(8*)?(1 — y)Z' (18-84) 


13-6. Dependence on Base-cutoff Frequency and Base Resistance. 
In summary, Eqs. (13-78) to (13-80) and (13-84) are the general expres- 
sions for the small-signal h parameters of the junction transistor asa 
function of frequency. Note that in each case the frequency dependence 
arises from a hyperbolic function of ZW/L, where Z = (1 + jor)”. 
In exactly the same manner as for the frequency variation of alpha in 
Chap. 8, it may be shown that! 


W 4 : 
Zz, (Lh + jer)” = (jot) 
pb 


where & is the base-transit time, equal to 7,,W?/L,?. Furthermore, the 
base-cutoff frequency w, was defined as 
wot, = 2.43 


at the half-power point. Therefore, we may write 
% 
J (1 + jwrp)” = ( 42.43 “) (13-85) 
Ly» Wh 
which is a good approximation for frequencies up to 2a. This is a 


convenient form to use since it enables all the transistor parameters to be 
referred to the base-cutoll frequency, Applying this approximation to 
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the h parameter equations, we obtain, finally, 
_ _ tanh (j2.48w/os)” 13-86 
hu = Te (92.48u/an)* Yo ¥ ) 
kT oW .2.480\% ¥ 
ae eee sue 13-87 
his aW aVe a sech (, ie ) iy. ( ) 
% 
hg = eee y= Se (13-88) 
Ham vot aol gz ow wr + jour pb) tanh (j2.43w/wy)” 
Ae ee aE we (j2.430/e»)# 
ol z ow Y *)2 . 
sa — yo) (1 ne)? (18-89 
+ Set Se ™ (pt) — y)(L + jerad)* (18-89) 
where 7, the emitter efficiency, is given by 
1 
a : : 
DyitigeW. ue Sper Ge ae) tanh (j2.43w/ws)” 
i} + | (pute) a + Jur ne) + y (j2.430/on)” 


(13-90) 


It must be emphasized that, up to this point, the frequency analysis 
and derivation of the h parameters neglected the effects of the base 
resistance 7;. It was for this reason that the numerical subscripts were 


Theoretical model 





Fia. 13-2. Addition of base resistance to 
theoretical model. (After R. L. Pritch- 
ard.) 


used for the h parameters. From a 
practical point of view, the theoreti- 
cal junction-transistor model must 
include 7, in order to properly cor- 
relate the theory with actual devices. 
The manner of incorporating rz may 
best be understood by referring to 
Fig. 13-2. Here, Eqs. (13-86) to 
(13-90) for the h parameters com- 
pletely describe the frequency behay- 
ior of the theoretical model. Base 
resistance can be factored in as 
shown, and its effect is determined 


by obtaining a new set of h parameters for the new four-terminal net- 
work of Fig. 13-2. It has been shown that® 





af egal + he) bond his) 13-91 
he = hu + eg (13-91) 
= fis ahe 13-92 
a (13-92) 
= fhe = tahias 13-03 
hp = >> thas ( ) 
he = li (13-94) 


1 + rghas 
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In other words, the new h parameters are expressed in terms of the 
original parameters and rz. Note that, in each case, the significant term 
is Thx. In the sections to follow, the frequency dependence of each of 
the original parameters will be discussed first. Then the effect of r, will 
be included by substitution into the appropriate equationabove. Finally, 
as far as this chapter is concerned, it will be assumed that r}, is a constant 
resistance independent of frequency. 

13-7. Frequency Variation of hy. Equation (13-88) is the expression 
for the current-amplification factor, 


eR 
a a, as (22) 
Wb 


which is seen to be the product of the emitter efficiency y and the base- 
transport factor 6*, the latter being the hyperbolic secant term. We 
recall from Chap. 8 that when the applied signal frequency w is equal to 
the base-cutoff frequency w, the magnitude of sech (j2.43)” is equal to 
0.707. From a high-frequency design standpoint, the he: response 
should be as close to unity as possible over the widest frequency range, 
~equiring that the base-cutoff frequency be as large as possible. This, of 
course, is directly related to the 

minority-carrier mobility of the 

base region and the nature of the 1.0 
impurity profile, and is inversely 





(13-95) 





& 

‘5 0.8 
related to the square of the base » 4¢ 
thickness. The response charac- 2 oq 
teristic of the base-transport term 2 92 
of he: is shown in Fig. 13-3, where it ) 





is assumed that the low-frequency 0.01 
g* = 1. It is seen that the re- 
sponse is flat up to 0.1 w, and then 
decreases at a rate of 6 db per 
octave. Actually, the hyperbolic 
functions can be readily expanded into their equivalent series to make it 
easier to understand the high-frequency behavior of these complex 
relationships. For example, 


2 A3w\ 2 
B* = sech (22) =)-—12 (:) = ah (2) (13-96) 
Wh Wp Wh 


If we let the coefficients in Eq. (13-96) equal approximately 1 and multi- 
ply and divide by (1 + jw/e»), we get the familiar form for the base 
frequency response, viz., 


Relative frequency Why, 


Fie. 13-3. Frequency variation of the 
base-transport factor. 


BY 
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Thus, when w = ws, 8* = B*/+/2, which is the definition of base cutoff. 
A plot of the phase-shift angle associated with Eq. (13-97) is shown in 
Fig. 13-3. For this particular result, the phase shift at base cutoff is 45° 
and begins to level off to 90° at the higher frequencies. 

In Eq. (13-95), if the emitter efficiency y is unity for all frequencies, 
then the ho: response is primarily identical to that of Fig. 13-8. How- 
ever, the frequency variation of y is given by 


il 


bs => 
Pain ey tanh (j2.43w/w») 
1 ne % °, r 
: us [24 ( + = ) + Yo (j2.48w/ ow») ed 








(13-98) 


which is a rather complex expression to analyze directly. Nevertheless, 
an excellent interpretation of Eq. (13-98) can be made by considering 
the terms independently. Suppose, for example, that the emitter 
barrier capacitance Cz, is sufficiently small so that its effect on y is 
negligible. Then (13-98) simply becomes 


1 


1,= 
DaceNpeW : “| tanh (72.43w/w,)” 
oi (pe) (1 + jerne) (j2.43w/w»)# 


(13-99) 








y is limited now by the diffusion-admittance term (1 + jwrne)”, where 
Tne is the lifetime of electrons in the emitter (for p-n-p). Inspection of 
the frequency terms of Eq. (13-99) should indicate the manner in which 
it varies with frequency. Essentially, the y response is somewhat flat, 
since the increase in magnitude of (1 + jwrne)” with frequency is counter- 
acted by the decrease of 


tanh (j2.43w/o,)” 
(j2.43c/ on) # 





Consequently, the high-frequency value of y will remain close to unity, 

indicating that the magnitude of y in (13-99) is somewhat independent of 

frequency. This concept may be applied to Eq. (13-98) by the fair 

assumption that 

tanh (j2.43w/ws)? _ 
CRARaleay te (13-10 


Since DinpeW/D pPnvLne equals (1 — ¥o)/Yo, where ¥p is the low-frequency 
emitter efficiency, Eq. (13-98) simply becomes 





(1 + jorne)” 


it ce aepsinltcesa te plea 4! 
y= ey, tanh (j2.43«/«»)” (13-101) 
JoreC' re GP. 43e 7c) 
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If the hyperbolic tangent function is expanded into a series and the 
second-order terms are neglected, we have 


Yo 


Y= 1+ jorCr. 


(13-102) 

Thus, the frequency dependence of y is merely a function of jor-Cre, 
which is the product of the emitter transition capacitance and the a-c 
emitter resistance. Essentially, this term is a measure of the reactive 
emitter current flowing through the emitter junction capacitance. As 
the frequency increases, this causes an increase in the total emitter cur- 
rent without producing a corresponding increase in collector current, 
thereby decreasing |y|, and hence ha. Since the emitter junction is 


LO 

















2 

08 woCTele"Ol = 

re) 

x06 wWpyCTele= 03 3 

a4 WC ref =1.3 - 

o2 = 

ie) 

0.01 Ol 1.0 10.0 Q01 0.1 10 10.0 


Relative frequency w/w, Relative frequency W/yy, 


Fic, 13-4. Frequency variation of |y| for Fria. 13-5. Effect of emitter efficiency 
yo = I, illustrating effect of emitter capac- on frequency variation of hyp. 
itance. (After R. L. Pritchard.) 


forward-biased, Cr, may be large enough to reduce the over-all frequency 
response of the transistor. It is for this reason that very-high-frequency 
transistors require very small active emitter-junction areas. A plot of 
Kq. (13-102) as a function of relative frequency for different values of 
weC ree appears in Fig. 13-4.2_ It should be noted that for a given transis- 
tor, the product can be reduced by increasing the emitter bias current 
In, since r, is equal to kT'/qIz. 

We may now combine the emitter efficiency response given by Eq. 
(13-102) with the base-transport response given by Eq. (13-97) and 
obtain the approximate over-all frequency response for alpha (w = y8*). 





ho = : ae : 5 
“= TF jorCr)(1 + Go /en) eve 
This equation is plotted graphically in Fig. 13-5, wherein an arbitrary 
curve for y (limited by Cp,) is indicated. The resultant curve is a point- 
by-point product of y and 6* as a function of frequency. It is seen that 
the effect of y is to impart a gradual falloff of alpha at the lower fre- 
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quencies. Furthermore, the observed cutoff frequency is reduced from 
the initial base-cutoff value w, to a lower value, w.. The latter is called 
the alpha-cutoff frequency. 

To consider the effect of the base resistance r, on the frequency response 
of the current-amplification factor ho, we can apply Eq. (13-93), which 
is repeated here. 


SNS phos = 
Oe FT teas Lois 


At the higher frequencies near alpha cutoff, hy, or —a becomes complex, 
having a positive reactive component. Within this frequency range, it is 
most probable that hs»: is capacitive reactive, so that rhe. becomes a 
positive reactive component. If rs is large enough so that rghe22 > 0.1 
near wa, then rho. subtracts from he:, thereby rapidly reducing the 
magnitude of hy (alpha) within the vicinity of alpha cutoff.? Therefore, 
the effect of the base resistance 1; is to cause hy to fall more rapidly than 
predicted by the theoretical variation of y6*. In fact, if rp is large and 
the frequency is increased past alpha cutoff, then the rzho2 term becomes 
predominant in both the numerator and denominator of Eq. (13-104), 
causing hy to begin increasing toward unity again. In most well-designed 
high-frequency transistors, the product r,h22 is small compared to unity, 
and 





hyp = hoy rphoe <1 (18-105) 

We can then write 
hp = see 13-106 
(1 + joreCre) (1 + jw/wo) ( ) 


wherein the frequency variation of hy is limited by emitter-junction time 
constant and base-transit time. As an additional approximation, it is 
readily shown from Eq. (13-106) that the alpha-cutoff frequency is 


ies 


Wab 


+ r.Cre Wad = had (13-107) 


ot 


In Chap. 14 we shall examine the behavior of wa, more carefully; it will 
be shown that the actual ws is lower than that predicted by Eq. (13-107) 
because of other transistor effects that were not included in this discussion. 

13-8. Frequency Variation of hy. From Eqs. (13-78) and/or (13-86), 
the general expression for the short-circuit input impedance of the 
junction transistor is seen to be 





_ _ tanh (72.43w/o»)* y 4 
hu = Te“ (9 48aJen)™® Ye c- 





HIGH-FREQUENCY h PARAMETERS 289 


where r, = kT/qIz. If we assume that y, = 1 and that y behaves accord- 
ing to Eq. (13-101), we have 


tanh (j2.438w/,)” 1 
(92.48a/an)4 1+ jorCre tanh (72.43w/wp)*/(j2.43w/ws)% 
(18-109) 


If we apply the first-order series expansion to the hyperbolic functions 
and simplify, we have 


e(1 — jw/wy) 
gy 2 gee) : 
ae Tyr Sera any 
Converting this impedance expression to its equivalent admittance by 
taking the reciprocal and multiplying by the complex conjugate, we 
obtain, approximately, 


hu = Te 








1 1 by fc 
pads: (= = wCr) (13-111) 
Thus we see that the input admittance consists of a conductance 1/r, in 
parallel with two susceptances which are capacitive. These are the 
emitter capacitance Cy, and the so-called emitter 
diffusion capacitance, which is equal to 
1 
Co. = (13-112) 


Leb 





The complete equivalent circuit represented by Eq. 
(13-111) would appear as in Fig. 13-6. 

To consider the effect of base resistance on hii, we  Fia. 13-6. Approx- 
must analyze Eq. (13-91), which is imate equivalent 


: circuit for Ai, il- 
rp(1 + Aor)(1 — hie) lustrating emitter 
1 + rphoe 


diffusion capaci- 
: \ tance. 
For frequencies of w or less, we can assume that 
both Aiz and rho. are small compared to unity. Also, since ha is —a, 
IXq. (18-118) becomes, simply, 


he = hu + 75(1 — @) (138-114) 


This result is similar in form to the low-frequency expression obtained 
for h» in Chap. 12, except that (13-114) contains the reactive terms 
arising from the frequency variation. 

If we assume that J» is large enough to minimize the effect of r.Cr. on 
Ay and a, Hq. (13-114) can be written as 


= — jo f _ asl - ‘ 5 
hiv r(i is) + Tr (1 i ae saya) (18-115) 





he = hu + 





(13-113) 
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or, after additional manipulation, 


he = Te + 1p (2) smi (" “1, =) (13-116) 
Wp Wb Wo 
Since 7’, is greater than r., we observe from Eq. (13-116) that hw is 
predominantly inductive because of the effect of r,(1 — a). Also, the 
real resistive component will increase with frequency because of 1, (w/w»)’. 
One will observe that at high frequencies it is possible for input resonances 
to occur. In summary, the complete expression for h» is given as 





1 / 
Nas L/r. + j(w/rer + wCr.) + r2(1 + hy) (13-117) 
where hy = —aas given by Eq. (13-106). Thus we see that h» increases 


with frequency primarily because of the decrease in @ and its effect on rg. 
13-9, Frequency Variation of h,,. Equation (13-87) gives the open- 
circuit voltage-feedback factor for the theoretical model as 


_ (kT aw j2.430\" 
his = (4 a) Qo sech (22 ) 6 (13 118) 


In this result, we recognize that the first term in parenthesis is the low- 
frequency feedback factor u.. and that the remaining multiplier is simply 
the frequency variation of alpha. In other words, (13-118) becomes 


Ris = Mectt (13-119) 


Thus, hi. has the same frequency variation as does a. However, this is 
of no significance because firstly, u.. is quite small at very low frequencies 
and secondly, the base resistance r, introduces a considerable effect. 
For the latter, consider the new h-parameter Eq. (13-92), which is 


= his + rghoe 
he = exe (13-120) 
We will assume that ho = goo + jwCe22, that is, hee has real and reactive 
admittances. At the lower frequencies, where C2 is negligible, (13-120) 


becomes 
hi = Mec as 13922 (13-121) 


which is identical to the low-frequency results obtained in Chap. 12, 
where go. = ge. At the higher frequencies, the admittance associated 
with Co. becomes dominant, so that 


hr = bee + 13922 + jorzC or (13-122) 
or hip = jor Co (13-123) 
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where C22 is the combined transition and diffusion capacitance at the 
collector junction; it will be defined in the next section. Thus, the base 
resistance 7, contributes just about all the high-frequency voltage 
feedback. 

13-10. Frequency Variation of h». The last, but one of the most 
important, h parameters concerns the output admittance of the junction 
transistor. For good high-frequency power gain, it is essential that this 
be small at high frequencies. Repeating Eq. (13-89), we see that 


dole IW W*(1 + jor) tanh (j2.43w/w,) 








hes = joUr, 
22 JoCr Bie W aVe oe (j2.43/ wp) % 
/ ale OW ¥ ; 
° + aV ey, BA = ve) + frre) (18-124) 


which, at this point, is too complicated to analyze conveniently. It would 
be desirable to transform (13-124) into a form such as 


hoe = go2 + jwCr2 (13-125) 


wherein the frequency variation of the real and reactive components can 
be examined independently. 


In the derivation of the output conductance g, of Chap. 11, we saw that 


ol z OW 
9. = FF ay, 20 — 8) + 1 — wl (13-126) 





Actually, Ao had been set equal to unity in the initial derivation, but it 
will be retained here. Suppose that the low-frequency emitter efficiency 
Yo is equal to unity; (13-126) becomes, after substituting W2/L,,? for 
2(1 — 6), 
_ ln OW W? 

9. = Vo Lat (13-127) 
If we assume in Eq. (13-124) that y. = 1, the third term drops out. 
After substituting (13-127) into the second term of (13-124), we have, 
simply, 


hee = jaC're + («. + jw 











oleWr OW \ tanh (72. 4 
aleWry ) anh (j2.43w/w») (13-128) 


Ly? Ve (j2.438w/wy)” 


Substituting 1/D > for r5/L? in the reactive term above, we see that 
the result is equivalent to the collector diffusion capacitance determined 
in Chap. 11 from base-region widening effects. 

aol »W OW 


Cp. = ig (13-129) 





Therefore, we have 
has = juCre + (g. + juC'n,) Eb (92.43~/en) or 
a2 ™ JWC 76 + (Ge + JwC' po) (2. 430 Zea) (13-130) 
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We see that as a result of the frequency analysis of the diffusion process, 
both the output conductance and diffusion capacitance are related to 
frequency by the hyperbolic tangent function. This function may be 
expanded into its power series as was done for ha, yielding 


hap bate eed (1 es i2) (13-131) 


Multiplying the complex product of Eq. (13-131) and neglecting the term 
—jg-(w/w») which would normally be insignificant, we get, finally, 


2 
hoe = ge + wC'de (<) + jw(Cpe + Cre) (13-132) 


Strictly speaking, the next term of the series expansion should be included 
to show that the diffusion capacitance jwCp. is not independent of fre- 
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Fig. 13-7. Frequency variation of ho» for y/yo = 1. (After R. L. Pritcnard.) 


quency, but does decrease in magnitude at about the square root of 

frequency near w. However, we recall that Cp: is dependent upon Iz or, 

more explicitly, the injection level, and since the theoretical treatment 1s 

based on small-signal injection, Cp, becomes small compared to Cr. 
From Eqs. (13-125) and (13-132), there result, finally, 


2 
922 — Je + wC De (<) (13-133) 
Co = Coe + Cre (13-134) 


The important result to note is the conductive term in (13-133) which is 
introduced from the complex diffusion admittance. This term causes the 
output conductance gs» to increase as the square of the frequency. The 
relative-frequency variations of gs: and C22 are plotted in Vig. 13-7, 
where g22 and C2. are normalized by w,C22 and Cr, respectively.’ Thus, 
at high frequencies, the effect of g. becomes negligible compared to the 
diffusion conductance. In Fig. 13-7, it is also shown that the effective 
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output capacitance decreases from its low-frequency value Cp, + Cr, to 
its ultimate value of Cr-. One should also note that the higher the alpha, 
the smaller g, becomes, thereby making the frequency-dependent term in 
(13-133) more predominant at lower frequencies. 

To include the effect of base resistance on hes, we refer to Eq. (13-94), 
which is 
hee 


pgp sae 13-135 
ba! 1 4 rphoe ( ) 

Let us presume that hee = jwCr.; Eq. (138-135) becomes 
ie oa (13-136) 


~ T+ jorgCr. 
Conjugate multiplying (13-136) and letting w?r,Cr. < 1, we get 
ho = rpwCre? + joCre (13-137) 


where we see that the effect of 1, is to increase the high-frequency output 
conductance of the transistor by a very slight amount. If we neglect 
this effect, we have ho = hee, or 


2 
her = ge + wsC ve (=) + FolCrs + Cre) (13-138) 


13-11. High-frequency Equivalent Circuit. To properly conclude this 
chapter, it is desirable to review briefly what has been accomplished. 
By including small-signal a-c variations in the one-dimensional analysis 
of our simple junction-transistor model, we have been able to come up 
with the basic y-parameter or admittance equations which relate the 
currents to the applied potentials. Since it was assumed that the 
injection level was low, so that the carriers move principally by diffusion, 
the solutions obtained were the so-called diffusion admittances, which are 
characterized by hyperbolic functions of complex arguments. After 
some basic simplifications of the admittance equations, the results were 
converted to the equivalent h parameters. Finally, the effect of base 
resistance was included to yield (approximately) the complete frequency- 
dependent h parameters for the grounded-base transistor, valid for 
frequencies up to w. These are summarized below as: 








Pret) 
sae (1 + joreCre)1 + jw/ws) (13-139) 
! / 
Wr l/r. + j(w/ram + oC) + rp(1 + hp) (13-140) 
hyp = jor, (Cre +4- C pe) (13-141) 
2 
hey = do + wl de (2) + jol(Cre + Cre) (13-142) 
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The reader will note that considerable emphasis was placed on making 
suitable approximations in order to obtain relatively simple expressions. 
In spite of this, the errors involved may be no more than 20 per cent in 
the frequency range up to the base-cutoff frequency. Beyond o», other 
more exact solutions can be used.’ Nevertheless, Eqs. (13-139) to 
(13-142) are adequate to enable one to predict the frequency variations 
of grounded-base h parameters fairly well, as evidenced by Pritchard’s 
analysis? presented in this chapter. Actually, an exact analysis would 
involve the study of transmission lines, since the complex diffusion 
admittances are similar to those obtained for an R-C transmission line. 


Foie 
(it jwreCte)(itjw/wp) 





Fig. 13-8. Approximate high-frequency equivalent circuit for the grounded-base 
transistor. 


The employment of such a complicated approach would be of more 
academic interest than practical value in understanding the transistor. 

It is quite useful to represent the characteristics of the junction transis- 
tor at high frequencies by an equivalent circuit. Unfortunately, this is 
not a simple matter at high frequencies, since a circuit which fully 
describes the device physics is usually too unwieldy for the circuit 
designer. Because of this, many approximate equivalent circuits have 
been proposed. Some writers have utilized transmission lines*:7-? and 
others have used lumped hybrid!® and admittance forms.'! Rather than 
present all possible ramifications,'!* this writer shall describe an approxi- 
mate high-frequency equivalent circuit which is based on the relations 
developed thus far. This is drawn in Fig. 13-8. For this circuit, which 
is applicable up to ws, it is assumed that the emitter efficiency is limited 
primarily by r.-Cr.. At the input, the emitter junction capacitance is 
shown in parallel with the a-c emitter resistance and the effective emitter 
diffusion capacitance. At the output, the collector junction capacitance 
is shown in parallel with the collector diffusion admittance. Both low- 
frequency parameters, pee and g, have been omitted from the cireuit, 
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PROBLEMS 


13-1. Calculate the alpha-cutoff frequency fa, for a diffused-base n-p-n germanium 
planar transistor at Vcg = 5 volts and Ig = —2 ma. At these conditions, W = 
0.9 » and a = 0.98. The collector resistivity is 0.18 ohm-cm. The emitter is a 
diffused circle 2 mils in diameter and may be approximated by a uniform concen- 
tration of 10° atoms/cm*. The impurity concentration in the base side of the emitter 
junction is 1017 atoms/cm’. 

13-2. For the p-n-p epitaxial mesa transistor described in Prob. 9-1, determine 
the magnitudes of the resistances (real terms only) of the short-circuit input imped- 
ance hi» and the reciprocal of the open-circuit output admittance 1/ho at Vex = —5 
volts, Jz = 2 ma, and f = 160 megacycles, 
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Frequency Response of Transistors 





14-1. Frequency Variation of Grounded-base Current Gain. One of 
the important high-frequency parameters of the transistor is the fre- 
quency response of the current-gain characteristic. In the previous 
chapter, it was shown that the grounded-base current gain is given by the 


expression 
Ppares 
hp = —ysech (22) (14-1) 
'b 


By carrying out the necessary series expansions and approximations, it 
was also shown that 





hy = 7 14-2 
1 F+ jorCre) (1 + jw/wr) < 
where we see that the frequency response is limited by the emitter 
capacitance and the base-cutoff frequency. Furthermore, the alpha- 
cutoff frequency was approximately defined as 


os oe TC re a5 Se (14-3) 
Wb 


Wad 





The reader will observe that in Eq. (14-3), the total frequency response 
®ap is simply the reciprocal of the sum of particular time factors. These 
factors may be referred to as either time delays or time constants. 
Regardless of nomenclature, a very useful approach for approximating 
the frequency response of a complex network is to properly add up all the 
time constants and/or transit times to obtain the total signal delay. In 
this chapter, this approach will be utilized to show that the actual alpha- 
cutoff frequency of a transistor is lower than that predicted by Eq. (14-3), 
due to additional time delays which have not been previously con- 
sidered. These are the transit time through the collector depletion 
layer and the collector time constant. Another correction factor will be 
incorporated to obtain the correct phase angle for current gain at the 


cutoff frequency. 
296 
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Once f.» is properly corrected for both magnitude and phase, we can 
examine the behavior of the grounded-emitter current gain, beta, as a 
function of frequency. This analysis yields two additional frequency 
parameters, viz., the beta-cutoff frequency fae and the current-gain- 
bandwidth frequency fr. The latter is probably the most significant 
parameter that characterizes the frequency performance of the transistor, 
since it represents the upper limit of frequency with regard to maximum 
switching speed or power gain where practical circuit applications are 
concerned. 

In the next four sections, we shall proceed to examine each of the 
critical time delays that affect the frequency response of the transistor. 
Each of these will be related to the physical characteristics of the transis- 
tor structure, and its variation with emitter current and collector voltage 
will be explained. 

14-2. Emitter Delay-time Constant. If one is to consider each of the 
time delays in order as the high-frequency signal travels from emitter to 
collector, the first to be encountered is the emitter delay-time constant. 
This is defined as 

= =rCm (14-4) 
We 
the product of the emitter resistance r. and the emitter transition capaci- 
tance Cy.. We have already seen that r, is the resistance of the emitter 


junction and is given by 
kT 


qr 
The emitter transition capacitance is generally expressed by the step- 
junction formula, which uses the impurity concentration just at the 
base side of the emitter junction for N and the net junction potential 
under actual forward bias conditions for V. Referring to Eq. (5-82), we 
have 


(14-5) 


Ye 


qke.N p 
Vr 


where A, is the emitter area. In this result, it has been assumed that 
the forward voltage is approximately V7/2. Examining Eqs. (14-5) 
and (14-6), we see that the time constant 1/w, is virtually independent of 
collector voltage but decreases with increasing emitter current. Thus, 
1/w, becomes significantly large at low emitter currents, particularly for 
Ip <1ma. It is apparent that in order to minimize 1/a,., the emitter 
junction capacitance must be made as small as possible by designing for 
small emitter areas and high base sheet resistance. 

14-3, Base-transit Time. The second signal delay that is encountered 
is related to the time required for the injection carriers to travel across 


Cre = A. (14-6) 








- 
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the base to the collector. This, of course, is the base-transit time which 
has already been thoroughly discussed in Chap. 8. For purposes of 
review, we recall from Secs. 8-6 and 13-6 that in the equation describing 
the frequency variation of the base-transport factor, 


; % 
8* = sech (22%) (14-7) 
Wp 
we related the base signal delay to the transit time by the equation 
1 WwW? 
wo 43D yp Ss 


where W?/D,, is the base-transit time. In Eq. (14-8), w, = 2xf, where 
fo is the base-cutoff frequency. Furthermore, this result applies only to a 
uniform base. In a graded base, the aiding built-in electric field reduces 
the transit time, so that we have 


1 WwW? 


a 243D~ In NG/Noo Gay 


where D,» is the diffusion constant associated with N‘,. Thus we see 
that 1/w, or the base time delay is directly proportional to the square of 
the base width and is therefore quite sensitive to collector voltage varia- 
tions, particularly if the widening factor dW/dV¢ is large. 

The frequency variation of the base-transport factor was given in the 
last chapter as 

eed Sa (14-10) 
Ain SI ya : 

where 1/w, is given by either Eq. (14-8) or Eq. (14-9). Examining this 
result, we see that at the cutoff frequency the magnitude of 6* is down by 
1/-/2 and the phase angle is 45°. Actual measurements of junction 
transistors show that at the cutoff frequency the phase shift of 8* is not 
45° but about 57°.1:* This applies to uniform-base transistors. For 
graded-base transistors, it is observed that the excess phase is even greater 
than 12°. In fact, it was shown by Thomas and Moll? that the excess 
phase is directly dependent on the magnitude of the base built-in field, 
which, we recall, is related to the steepness of the base impurity gradient, 
ie., the N3/Nac ratio. Although the theoretical analysis will not be 
carried out here, it can be shown that Eq. (14-10) must be corrected for 
the observed excess phase shift as follows: 


ae Bx eil(Ko—L/Kololoy 
1 + jw/wy 


* References, indicated in the text by superscript figures, are listed at the end of the 
chapter. 


(14-11) 
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where Ko is a phase-correction constant which can vary from 0.5 to 1.0. 
For a uniform base transistor, Ks = 0.82; for most graded-base transistors 
having error-function or gaussian-type impurity distributions, K» = 
0.7 + 0.05; for those graded-base transistors having steep exponential 
impurity distributions such as are found in MADT transistors, K» = 
0.6 + 0.05. It is interesting to note that a Ke = 1 can be achieved by 
introducing an impurity gradient (using outdiffusion techniques) which 
produces a retarding field in the base layer. Examining Eq. (14-11), we 
see that when Ks = 1 we have no excess phase and the phase shift is 45°. 
The significance of Ko in the frequency response of the transistor will be 
better appreciated in a later section of this chapter. 

14-4. Collector Depletion-layer Transit Time.? When the injected 
signal carriers have completed their transit across the base width, they 
reach the edge of the depletion layer of the reverse-biased collector 
junction of the transistor. At this point, the carriers experience the 
strong electric field of the depletion layer and are swept across this region 
at a drift rate determined by their mobility and the magnitude of 8. 
Thus, we have now to consider a third signal delay which arises from the 
finite time required for the carriers to travel across the collector depletion 
layer. This is the collector depletion-layer transit time, denoted by ta. 

In Chap. 4 it was shown that the drift velocity of carriers in the 
presence of an electric field increases with same until a limiting velocity 
is reached which is independent of & Reference to Fig. 4-2 indicates 
that for germanium the limiting velocity of 6 X 10° cm/sec is reached at 
field intensities of a little less than 10,000 volts/em. For silicon, the 
limiting velocity is approximately 8.5 X 10° cm/sec and is achieved at 
field intensities slightly higher than 10,000 volts/em. In most practical 
junction transistors, the collector and base resistivities are such that the 
electric field in the collector depletion layer is either on the order of 
10,000 volts/em or considerably more, even at very low collector voltages. 
Therefore, it is reasonable to assume that in the normal operation of a 
transistor, the signal carriers travel through the collector depletion 
layer at their limiting velocities. If the thickness of the depletion layer, 
regardless of whether the junction is graded or is a step, is tm, then the 
total carrier transit time is 


ly me = (14-12) 
Usc 


where vse is the scattering-limited velocity of the carriers. The signal- 
delay time corresponding to this transit time was shown by Early* to be 
equal to ty/2, so that 
i tm 
wa 2vxe 


(14-13) 
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For a given collector voltage, 1/wa is minimized by maintaining tm 
small. This is accomplished by lowering the resistivity of that side of 
the collector junction into which most of the depletion layer extends. 
It should be apparent that 1/w, is quite sensitive to the applied collector 
voltage, since a varies anywhere between the square root and cube root 
of the voltage, depending on the nature of the junction. 

14-5. Collector Delay-time Constant. As in the case of the emitter 
junction, we must also consider the signal delay-time constant associated 
with the capacitance of the collector junction. The collector capacitance 
Cr. must be charged through the combined series resistance from emitter 
to collector. This consists of three major terms, viz., the series resistance 
of the emitter region rsz, the a-c resistance of the emitter junction r., and 
the series resistance of the collector region rgsc. Therefore, the collector 
delay-time constant is written as* 


+ = (rsp t+ Te + Tsc)Cre (14-14) 


However, in most well-designed transistors, the emitter series resistance 
rgp is negligibly small. Further, r. is readily bypassed by C'r.. There- 
fore, as a reasonable approximation, we have 


4 = rscCre (14-15) 
which is a significant term only for transistors made by the single-ended 
impurity-contact processes. 

It is interesting to note the resistivity dependence of Eq. (14-15). Let 
us assume that we have a step collector junction whose characteristics 
are completely determined by the collector-region resistivity. In this 
case, rsc = pl/A and Cr, is proportional to A/~V/p.. Thus the rgcCre 
product is independent of area and directly proportional to p. We see 
then that increasing collector resistivity increases the magnitude of 1/a-. 
This can be offset by increasing the collector voltage such that Cz, is 
reduced. 

14-6. Alpha-cutoff Frequency f.». The results of the preceding four 
sections may now be combined to obtain the total signal-delay time from 
emitter to collector.4> For grounded-base operation, this yields the true 
cutoff frequency for the current-gain characteristic (alpha). This is 
known as the alpha-cutoff frequency and is given as 


eae ere Sra eh (14-16) 


Wab We Wp Wd We 


Because of the additional terms, it is seen that war is less than the base- 
cutoff frequency w». Substituting the appropriate equations for each of 
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the terms in Eq. (14-16), we obtain 


1 WwW? 
ss, Wo 
This is the result for a uniform base; for a graded base, the second term is 
divided by In (N},/Nac). For an n-p-n structure, D,, is substituted for 
D,». In most transistor structures, the first two terms are usually the 


Lm 
ate ies + rscCre (14-17) 


do Ie €i[Ke~0/Kg]w/aan 


~f W w 
te) (Getaa) 





Fia. 14-1. Approximate high-frequency equivalent circuit, illustrating various signal 
delays making up total alpha-cutoff frequency. 


more dominant terms affecting w.. Using complex notation, we can 

therefore approximate the frequency variation of alpha as follows: 

ae Kp-D/Kglolwan 
1 + Jw/wes 

The reader should compare this result with Eq. 13-106, which did not 

take into account the effects of excess phase and the additional signal 

delays. 

Figure 14-1 best summarizes the analysis of the frequency response of 
the grounded-base transistor in that it illustrates the approximate high- 
frequency equivalent circuit that is the inherent model for Eq. (14-17). 

14-7, Frequency Variation of Grounded-emitter Current Gain. At 
this point in the high-frequency analysis of the transistor we are in a 
position to turn our attention to the frequency response of the grounded- 
emitter configuration, widely used in circuit applications of transistors. 
In this case, we are concerned with the frequency variation of the 
grounded-emitter current gain, beta. Irom Chaps. 7 to 9 we recall that 


a= 


(14-18) 


a 


B=: 


l-—a 


(14-19) 


To obtain the frequeney-dependent beta, we substitute Mq, (14-18) into 
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(14-19), first with K» = 1 (no excess phase). Thus we have 


B 


— Qo 
aes ar + jw/wad 
Factoring (1 — a) from the denominator and letting 8, = a/(1 — a), 
we have® 


(14-20) 


f B, aa 
Om Tae eon ams) 


Here we see that the variation of 8 with frequency is identical to that of 
a, except that 8,>>a, (higher current gain); the cutoff frequency is 
reduced considerably by the factor (1 — a). This is quite under- 
standable from a qualitative point 
of view. Because of the phase shift 
of the base current, the magnitude 
of (1 — a) increases rapidly with 
frequency, thereby causing beta to 
fall off at a very rapid rate. The 
relative dependence of 8 on a, is 
shown in Fig, 14-2, where the ab- 
solute magnitude of beta is plotted 
in decibels as a function of w/was. 
For the ideal case, where a, = 1, 
beta is infinite and decreases at a 
rate of 6 db per octave to zero db at 
the alpha-cutoff frequency. For a, = 0.99, beta equals 99 and is some- 
what constant with frequency, dropping 3 db at w = 0.0lw.. By lower- 
ing a, to 0.9, however, we decrease beta about 20 db; beta cutoff increases 
by a factor of 10 to a frequency of 0.1w.3. Examination of these results 
will verify that a low alpha is necessary for high grounded-emitter fre- 
quency response. Thus, the current-gain-bandwidth concept is preserved 
for the junction transistor. 

To be completely correct, we cannot assume that K» = 1 is the general 
case for all transistors. Thomas and Moll have shown that for values 
of Ky less than unity, Eq. (14-21) must be corrected as follows: 

Bi Ko D/V Kgle/oan 
1 + jw0/Ko(1 — a)wos 
Thus, because of the excess phase, Ky becomes smaller and therefore the 
cutoff frequency for beta becomes even lower. Nevertheless, the 
fundamental point to recognize is the fact that the frequency response 
of the grounded-emitter current gain is largely dependent on the alphiae 
cutoff frequency. 

14-8. Beta-cutoff Frequency f.., and Current-gain-bandwidth Free 
quency fr. By definition, the frequency at which beta 8, is reduced in 





Lo 
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Fig. 14-2. Variation of beta with 
frequency. 


(14-22) 





B= 
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magnitude by 1/+/2 or 3 db is called the beta-cutoff frequency 
Wae = 2nfae. Using the general expression of Eq. (14-22), we see that 


Woe = Ko(l — Qo) Wad (14-23) 
Beta cutoff is maximized by the combination of high w,., and low a. If 


we consider frequencies w > wee, then the imaginary term in Eq. (14-22) 
becomes greater than 1 and we have 


aoK gwar 
Jw 
We infer from this result that 8 is inversely proportional to frequency in 
this range, and, therefore, decreases at a rate of 6 db per octave. Of 
extreme interest is that frequency for which the magnitude of beta is 
equal to 1. This is known as the current-gain-bandwidth frequency 
wr(wr = 2nfr), and is undoubtedly the most important of all the high- 
frequency transistor parameters. Referring to Eq. (14-24), we have 


wr = aK gwar (14-25) 

or? fr = aK ofas (14-26) 

In the grounded-emitter configuration, fy represents the uppermost 

limit of useful current gain. Since the current gain is unity at this 

frequency, it represents the grounded-emitter bandwidth of the transis- 
tor. If Eq. (14-25) is substituted into (14-24), we have 


fr = Bf Woe <w < wr (14-27) 
which denotes a constant current-gain-bandwidth product, applicable 
only in the 6 db/octave region of the beta characteristic. This makes 
the measurement of f7 quite simple. For example, a beta of 4 at a 
frequency of 100 megacycles corresponds to an fr of 400 megacycles, pro- 
vided that the 100-megacycle measurement falls on the 6 db/octave slope. 
The beta versus frequency characteristic shown in Fig. 14-3 clearly 
illustrates the relationships of fe and fr to fas for a representative transis- 
tor. Note that the magnitude of the current gain is expressed in decibels 
(i.e., 20 log 8B). 

14-9. Variation of fr with Voltage and Current. Since fr is directly 
related to fas by Eq. (14-26), fr can be related to the individual signal 
delays by the substitution of Eq. (14-17). In this section, a typical p-n-p 
diffused-base germanium mesa transistor will be referred to in order to 
illustrate the manner in which fy varies with collector voltage and current. 
This is a high-frequency power device designed to deliver over 0.5 watt 
of r-f output at 160 megacycles. For this p-n-p model having a graded 
base, we can write 


! 2r . we le ’ 
Fe ~ ake 00 + gases WETWaey tke + PeeCre) 1-28) 


p= w > wae (14-24) 
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Fig. 14-3. Typical current gain versus frequency curves, illustrating relationship of 
fr and fae to fos. 


This equation will be referred to in the discussion to follow. Since this 
is a reciprocal relationship, it should be borne in mind that each of the 
terms in Eq. (14-28) should be small in order to maximize fr. 

Figure 14-4 illustrates the typical behavior of fr with voltage and 
current for the 2N1692 p-n-p germanium power mesa transistor. The 
reference operating conditions are Vcz = —10 volts d-c, J¢ = —50 ma, 
T4 = 25°C, and fr = 500 megacycles. Referring to the voltage varia- 
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Fia. 14-4. Variation of fr with voltage and current for 2N1692 p-n-p germanium 
power mesa transistor. (Courtesy of Motorola, Inc.) 
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tion, we see that at very low voltages on the order of 2 volts, fr is less than 
400 megacycles and is decreasing rapidly. Under these conditions, a 
significant portion of the applied voltage is dropped across the collector 
series resistance. Consequently, the effective base width is at its 
maximum, the drift velocity of the carriers in the depletion layer is 
probably less than the limiting value, and Cr, is at its maximum. This 
tends to increase the magnitudes of the last three terms of Eq. (14-28), 
causing fr to be low. As voltage is increased toward 10 volts, these 
three terms decrease in value, allowing fr to increase. However, the 
most predominant effect is attributed to the decrease of base width W 
in the second term. At voltages greater than 10 volts, fr decreases 
slightly, due primarily to the increase in 2». 

The variation of fr with current is also shown in Fig. 14-4. At very 
low currents, it is seen that fr is very low and is falling off at a very rapid 
rate. This is the effect of the first term, r-Cr., wherein we recall that 
re = kT/qIz. At low currents, r. is quite large and completely domi- 
nates the frequency response of the transistor. As current is increased 
toward 50 ma, the r.C'7, time constant becomes progressively smaller, 
until the second term takes over and becomes the dominant signal delay 
affecting fr. As the collector current is increased further, fz starts to 
decrease slightly. This is attributed again to the increasing voltage 
drop across the collector series resistance; its effect is to make W 
slightly larger. 

In summary, it should be understood that in most well-designed high- 
frequency transistors, the emitter time constant and the base-transit time 
are by far the most important factors affecting the magnitude of the 
current-gain-bandwidth frequency fr. 

14-10. Design Theory for Optimum fr. In designing transistors for 
maximum frequency response, the primary objective is to minimize the 
magnitude of each of the terms of Eq. (14-28). Complete optimization 
cannot be achieved, however, without some sacrifice of other parameters, 
particularly such characteristics as BVcso, Vexisar, 13, BV eno, Ver, 
and C¢. It is not possible in this section to cover all the ramifications of 
optimum fr design. Each design situation must be analyzed on its own 
merits, based on the transistor process and geometry that is selected and 
the specifications for the intended circuit application. Nevertheless, 
certain design concepts can be extracted from Eq. (14-28) which are 
universally applicable for optimizing f7, namely: 

1. The emitter junction area should be as small as possible to achieve 
the smallest emitter junction capacitance consistent with the allowable 
current rating, 

2. The base should be as thin as possible to achieve the lowest base- 
transit time consistent with the allowable voltage rating. 
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In Chap. 15, it will be shown that optimum fr alone is not adequate 
for maximum power gain at high frequencies; in this case, the magnitude 
of r,Cc becomes important. 


PROBLEMS 


14-1. Measurements of the parameters of a high-frequency transistor indicate that 
a = 0.97 and hy. = 15.2 db at 100 megacycles. For this structure it is estimated that 
Ke = 0.7. Determine the magnitudes of fae, fr, and fas. 

14-2. For the simple case of a transistor having no excess phase shift (Ke = 1) and 
alpha close to unity, show that the expression for beta in the frequency range beyond 
beta cutoff is hy, ~ —jwar/w. 

14-3. Calculate the value of the current-gain-bandwidth frequency fr for the 
n-p-n silicon planar-epitaxial transistor described below at conditions of Vez = 
5 volts, Jz = —10 ma, and 74 = 25°C. 8, at these conditions is equal to 50. 


O microns 
4 mils 


a 


p-type diffused 


base and contact n-type diffused 


emitter and contact 





n+-type substrate 


The epitaxial region is 10 » thick and has a resistivity of 1.5 ohm-em. The sub- 
strate resistivity is 0.001 ohm-cm and is 4 mils thick. The base is diffused in a 5 XK 8 
mil rectangle to a junction depth of 2.8 » from a surface concentration of 101° atoms/ 
em? and the resulting impurity distribution is an error-function distribution. The 
emitter is diffused in a 2- by 5-mil rectangle to a junction depth of 1.7 » and may be 
approximated by a uniform impurity distribution of 102! atoms/em*. The impurity 
concentration NE at the base side of the emitter junction is 3.5 X 10!® atoms/cm®, 
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15 


Junction-transistor Amplifiers 





15-1. Introduction. Having reduced the over-all physical aspects of 
the junction transistor from the physics of semiconductor junctions to 
the equivalent electric circuit for both low and high frequencies, we are 
now in a position to consider the problem of the transistor as an amplifier. 
In this chapter, all of the theory developed thus far is applied to the 
general power-gain equation for a four-terminal network. This results 
in expressions in terms of the transistor h parameters, which are then 
analyzed at both low and high frequencies. In the case of the latter, 
the emphasis is on matched power gain for the grounded-emitter con- 
figuration, since this arrangement yields results which clearly point out 
to the device designer the requirements for optimum transistor design. 
It is not the intent here to cover all the ramifications of the manifold 
circuit applications of transistors. Rather, the objective of this chapter 
is to determine what fundamental parameters (base width, impurity 
distributions, etc.) contribute to maximum amplifier performance, 
thereby establishing basic device-design criteria. Furthermore, both 
the transistor designer and transistor user are accorded an insight into 
what inherent limitations there are for certain transistor structures (or 
processes), from the amplifier point 
of view. 

15-2. Power Gain for General 
Four-terminal Network. Any four- 
terminal network such as the junc- 5,4 15-1. General four-terminal net- 
tion transistor may be represented as work. 
in Fig. 15-1. In this simple and 
basie arrangement, a load represented by the conductance g;, is placed 
across the output terminals. At the input terminals, the signal to be 
amplified is depicted by the voltage generator e, in series with its internal 
impedance r,, Vor this network, the power gain is defined simply as the 

N07 
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ratio of the power delivered to the load to the power delivered by the gener- 
ator. This may be written as 


Gz Pour _ Ext. _ = €o te 


Pain € qt) €g 4 





(15-1) 


or in other words, the power gain is the product of the voltage gain and 
the current gain. Since the terminal voltages and currents of Fig. 15-1 
may be related by the general h parameters of the network, we may 
proceed to obtain the equation for the voltage gain ¢2/e,. In Chap. 12 
we saw that 


€1 = Anti + hires (15-2) 

te = harti + hover (15-3) 

We can make the substitutions e, = e, — tirg and t; = —egz, so that 
Eqs. (15-2) and (15-3) become, after simple manipulation, 

Cp = (hit + 19)t1 + hives (15-4) 

0 = heiti + (hoe + gues (15-5) 


Solving (15-5) for 7;, which is 

_ —(hee + gues 
hoy 

and substituting (15-6) into (15-4), we obtain 


Co —(hir + 19) (hoe + gx) + Aishar 
C2 hey 


ty (15-6) 





(15-7) 


Factoring out a minus sign and taking the reciprocal of (15-7), we get 


€2 —hey 


é, (uit Tq)(hee + gr) — Aisha 


This is the expression for the voltage gain of the general four-terminal 
network. 


Additionally, if in Eq. (15-3) we set es = —12/gr, we have 
19 he hoyty e7 hoots/ gr (15-9) 


Solving for the current gain 72/1, we obtain 





(15-8) 


te i! hogt 


t1 hee + gr 


As in most amplifier circuits, if the load admittance gi is large compared 
to the output admittance hoo, Eq. (15-10) simply becomes 


(15-10) 


Z as hey «Soupecd Doty (15-11) 
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Applying the same approximation to the voltage gain Eq. (15-8) and 
substituting both (15-8) and (15-11) into Eq. (15-1) for power gain, we 
have, finally, 

he? 


“A (Au + 79)91 — hishar 


(15-12) 





This relation will be used in the next section in examining the power gain 
of junction transistors as low-frequency amplifiers. 

15-3. Low-frequency Amplifier Power Gain. At very low frequencies 
within the audio range, the h parameters for the junction transistor are 
purely resistive; that is, reactive effects are completely negligible. Con- 
sequently, in analyzing low-frequency performance, the h-parameter rela- 
tions developed in Chap. 12 may be used with Eq. (15-12). 

As an audio-signal amplifier, the transistor is generally operated in 
either the grounded-base or grounded-emitter circuit configuration. 
Let us consider the grounded-base connection first. The general power- 
gain expression given by (15-12) becomes, specifically, 


hye? 


G; = 
> he + 1, )91 — hah 


(15-13) 





At low frequencies, the product hh is negligibly small since hy» ~ 1 
and h» = 10-4 for most transistors. Since hy = —a, (15-13) becomes 


2 

hy ees 15-14 
Chin + 79) G1 ( ) 
If the source resistance r, is much greater than hj, it is seen that the power 
gain is directly proportional to the ratio r,/r,. For a typical device 
where hy = 40 ohms, hy» = 0.981, and ha» = 0.25 pmhos, let us assume 

that r, = O and r, = 8,000 ohms. Thus, the power gain is 
oR, 8,000 


— pa 2 
Oy ne = (0.081) = 








= 192 


or a gain of 23 db. 
For the grounded-emitter configuration, the power-gain relation is 

written as 

uM hye? 

7 (hie + 15)9u — hrehse 


Since the same approximations are applicable here, we have 
, 1 
ae oe = 15-16) 
: (= ) (hie + ro) gu bah) 
Using the equivalent grounded-emitter magnitudes of the previous 
example, we have hy © 2,000 ohma, hy © 50, and hy, © 12.5 pmbhos, 





G. (15-15) 
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The power gain is calculated as 


oe Nee 8,000 
G. = (G = :) ee (50)? 2.000 ~ 10,000 
which is a power gain of 40 db. 

Thus we see that at low frequencies the grounded-emitter stage gives 
considerably higher power gain than the grounded base. In fact, since 
hx» = (1 — a)hie, it is apparent that G, is greater than G, by the factor 
1/(1— a). For a beta of 50, this would be an increase of 17 db, which 
checks with the previous calculations. As a rule of thumb, for Eq. (15-16) 
to be applicable, g, must be at least 10 times ho. or how/(1 — «). This 
points out the importance of having a very low output admittance ha in 
addition to high alpha for maximum low-frequency amplification. 

Generally, because of the current gain as well as the high power gain, 
the grounded-emitter configuration is more widely used in audio circuits. 








TaBLE 15-1. Low-rREQUENCY AMPLIFIER CHARACTERISTICS 





Grounded emitter Grounded base Grounded collector 





Approximate unity Large current gain 


current gain 


Large current gain 








Approximate unity voltage 
| gain 


Large voltage gain Large voltage gain 





Highest power gain Intermediate power gain | Lowest power gain 





Low input resistance Very low input resistance | High input resistance 








High output resistance Very high output Low output resistance 





resistance 
Analogous to grounded Analogous to grounded Analogous to grounded 
cathode grid plate 











However, the junction transistor is used in either grounded-base or 
grounded-collector circuits whenever the specific circuit requirements 
warrant it. Although no attempt will be made here to cover all the 
circuit aspects, a general comparison of the features of the configurations 
is made in Table 15-1.!_ One will note that the essential differences rest 
in the magnitudes of the input and output resistances. Also included in 
the table are the analogies to the equivalent vacuum-tube configurations, 

It must be emphasized that in the foregoing discussion we were con- 
cerned only with small-signal variations about the d-e operating points. 
Therefore, in determining the power gain, the appropriate small-signal 
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h parameter must be determined for the particular combination of 
emitter current and collector voltage used. There are, however, many 
applications where transistors are used as large-signal amplifiers. One 
example is the output stage of an audio amplifier. There, the input 
signal is large, so that the collector current swings over the full range of 
rated current, delivering a fair amount of a-c power to the load. In that 
case, the small-signal h parameters are not applicable, especially if the 
transistor characteristics deviate from linearity. 


Input 
signal 











oe v 15 
Ve, volts sine wave Vc, volts 


(a) (b) 





Fra. 15-2. Large-signal transistor amplifier characteristics, illustrating effect of alpha 
nonlinearity on output gain and distortion. (a) Linear V,-/, characteristic; (b) 
nonlinear V,-J, characteristic due to decrease of a with J,. 


Let us consider the case of a grounded-emitter large-signal n-p-n 
amplifier as an illustrative example. If the electrical characteristics are 
completely linear over the allowable range of collector current and 
voltage, the collector characteristic appears as shown in Fig. 15-2a. 
Here the direct current gain (beta) is equal to 20 and is constant over the 
range of 10 ma collector current. For the load line shown, the transistor 
is biased at Tp = 0.25 ma. If the input base current signal swings 
sinusoidally about this bias point from 0.1 ma to 0.4 ma, the output 
waveform is a true undistorted replica of the input wave, as shown in (a). 

However, if the grounded-emitter V,— /, characteristics are non- 
linear (as shown in lig. 15-2b) due to the falloff of alpha with collector 
current, the output waveform becomes severely distorted, Note that 
for the characterisation shown in (6), beta ia 20 at Jy @ 0.1 ma, but falls 












































312 TRANSISTOR ENGINEERING 


off to 15 at Ip = 0.4. Consequently, for the same bias conditions and 
input-signal swing, the output-signal amplitude is reduced and waveform 
distortion is introduced. Thus, for large-signal applications, the power- 
gain expression given by Eq. (15-12) is not too meaningful if the char- 
acteristics are highly nonlinear. However, for linear conditions the 
large-signal parameters are somewhat equivalent to the small-signal 
parameters, making Eq. (15-12) applicable. 

On this basis, the primary problem in designing junction-transistor 
large-signal amplifiers (power transistors) is to maintain beta [a/(1 — a)] 
as high and as constant as possible over the widest possible range of 
current consistent with the ratings of the device. From the design 
standpoint, this reduces to maintaining the emitter efficiency close to 
unity by means of heavy emitter doping and small base width as dis- 
cussed in Chap. 10. 

15-4. Maximum Available Power Gain. From fundamental network 
theory, it is known that maximum power transfer is achieved by matching 
the load to the source resistance of the generator. Consequently, in 
order to determine the maximum power gain that is realizable for a 
given active four-terminal network, it is necessary to derive the general 
gain equation, based on the conditions that the load g, is matched to the 
output admittance of the network and the generator resistance r, is 
matched to the input resistance. Referring to Fig. 15-1, let us assume 
that the generator e, sees a load equal to 7,, such that the maximum 
available power input to the network is 


Cg? 


P,. = 7 (15-17) 


Also, let us assume that the output is not necessarily matched, so that g,, 
may have any value. Therefore, the output power is 
Pow =.€2°9L (15-18) 


The power gain for matched input only is therefore 


in 


2 
G = ai = 47,9, (2) (15-19) 
g 


which we see is proportional to the square of the voltage gain. Substitut- 
ing Eq. (15-8) into (15-19), we obtain 


4r,gther 
[(Ait ae 1) (hee Sy gu) a Aroha)? 


This is the general power-gain equation in terms of the h parameters of 
the four-terminal network, for the condition that the generator resistance 
is matched to the input resistance of the network with the load gy). 


G= (15-20) 
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Further, this represents the power gain of a junction transistor with 
specified h parameters at a particular frequency. Keeping the h param- 
eters constant, we can now attempt to maximize @ by selecting appro- 
priate values for r, and gr. It is apparent that we can achieve infinite 
gain by merely setting the denominator of Eq. (15-20) equal to zero. 
This, of course, corresponds to the transistor acting as an oscillator, as 
opposed to being a stable amplifier. For the right combination of condi- 
tions, the transistor may very well oscillate, particularly if the feedback 
parameter hy is of the correct magnitude and sign; however, we shall not 
concern ourselves with this problem here. 

As was shown by Pritchard,?* the maximum available power gain is 
determined by differentiating G with respect to r, and gz, setting the 
results equal to zero, and solving the simultaneous equations to obtain 
the values for optimum gain. Letting the denominator of Eq. (15-20) 
equal H?, 








H = (hi + 1)(hoz + gr) — Aicher (15-21) 
It follows that 
dG = 4r,ho" od 8rgrhor(hir a Tq) 15-22 
dg, 7p onae 
dG — 4grhe® _ 8rogzher*(hee + gr) y 
dr, Ht He i) 
Setting these equations equal to zero and simplifying terms, 
_ 2gr(ha +45) _ 
1 Saas: snag ge 0 
ee 2r,(hee + gu) _ 
1 roe... 0 
Reinserting Eq. (15-21) and rearranging terms, we get 
Qgu(hir + 79) = (hia + 179) (ho2 + gu) — Aisha (15-24) 
2r,(hee + gu) = (Asa + 14) (hoz + gu) — Aichor (15-25) 
Ayshor 
( = =e 15-26 
or gu = hee eae mhos ( ) 
Aisher 
= - 3 15-27 
Ur hu (hoe a gu) ohms ( ) 


Note that in these results g, and r, are mutually dependent. Further- 
more, for maximum gain conditions, g, must be equal to hz» less the 
reflected admittance of the input circuit. Similarly, 7, must equal fi less 
the reflected impedance of the output circuit. In both cases, Aizhe is a 
mutual transfer product. The essential fact to note here is that Eq. 
(15-26) represents the output admittance of a four-terminal network with 


* References, indicated in the text by auperseript figures, are listed at the end of the 
chapter, 


























— 
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the resistance r, connected across the input terminals. Similarly, Eq. 
(15-27) represents the input impedance of a four-terminal network with a 
load gz, connected across the output terminals. 

To obtain a result in terms of h parameters only, we can substitute 
(15-27) into (15-26) and solve for gx OF vice versa and solve for ry. Carry- 
ing out the algebra, we obtain the following concise results: 


haha 
gu = hes y! < we (15-28) 


[, hash 
‘= Aa Oe (15-29) 


Letting the term within the radical equal p?, we get 


pL eerie. : 
aa ® (15-30) 


which are the general criteria for maximum power gain. Substituting 
the relations of (15-30) into Eq. (15-20), we get 


Ap*hithosher? 
[Ausho2(1 a p)? = hiches]? 


hichor 
= 1 —_ ——_—___. —, 
p=] 3S 9 (15-32) 
then Aichoy = Aihoe(1 — p’) (15-33) 


Inserting this identity into (15-31) and simplifying the result, we get, 
finally, 


Gs — 


Furthermore, since 





(15-31) 


ho? 
Aitheo(1 See 


where p is defined by Eq. (15-32). Equation (15-34) is the general 
expression for the maximum power gain available from a transistor (or 
any four-terminal network), provided that the conditions specified by 
Eq. (15-30) are met. 

We saw in the previous chapter that the h parameters are complex at 
the higher frequencies, so that 


An = 111 + jen (15-35) 

hoe = J22 + joes (15-36) 
Usually, bs: is capacitive; at the input, however, 21; may be inductive, 
Nevertheless, it is possible to tune out the input reactance and output 
susceptance by adding like elements of equal magnitude and of opposite 
sign at the generator and load, respectively. As a result, we obtain a 
conjugate match at both input and output, provided that 

gL ‘9 


[SS Bee 
iat otal 4 (15-37) 


Grosz = (15-34) 
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where go2 and rj; are the real parts of hi; and hoo. Consequently, for 


these conditions, Eq. (15-34) for the maximum available power gain 
specifically becomes the equation for the real power gain if the real parts 
of all terms are taken. 


hoi? 


Gates ees re es ere 
711922(1 + p)? 


(15-38) 
where 71; and gos are the real 
parts of hi: and hyo, respectively, 
and p = ~/1 — Re (Ai2h21)/T11ga9. ‘Fie. 15-3. Simple power-gain circuit for 
Re (hishe1) denotes the real part of conjugate-matched output and resistive- 

f matched input. 
this product. 

The foregoing matching conditions are referred to as conjugate-matching 
of both the input and output characteristics. In actual circuit or measure- 
ment practice, this is very difficult to achieve. The transistor is apt 
to oscillate when both input and output are tuned. Therefore, it is quite 
common to measure power gain by conjugate-matching the output 
admittance, but only resistive-matching the input. In other words, 211 is 
not tuned out. Under these conditions, we would expect that the 
resulting power-gain expression would be different from that of (15-38). 
Pritchard has shown that the difference between the two is so slight that, 








TaBLE 15-2. FouR-rERMINAL-NETWORK RELATIONS 








Voltage gain 4 Tha 
ORE Ran. Ge ees -= 
ili eg (Air + r9)(hoe + gt) — hich 
S ty hagr 
C SAIN Cor tes fia os heigl > = — 
urrent ga ges ACESS 
hishe 
Input impedance............. Zin = hu — eT 
hich 
Output admittance........... Yout = har — eran 
; ho? 
Matched power gain.......... G = 


hishoo(1 + V1 — hyshe:/hishos)? 


for all practical purposes, the simpler Eq. (15-38) serves as a very good 
criterion for transistor power gain for the condition of resistive-matched 
input.’ This measurement procedure is shown symbolically in Fig. 15-3 
for a grounded-emitter transistor, An inductance is shown in the output, 
since the output susceptance of the transistor is capacitive. 

It would be appropriate at this point to summarize the important rela- 
tions that have been developed thus far regarding the general four- 
terminal network of Fig, 15-1, These are included in Table 15-2 for 
reference, All the equations are expressed in terms of the 4 parameters 
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and are applicable to both low and high frequencies. They apply to any 
of the three junction-transistor circuit configurations, viz., grounded 
base, grounded emitter, and grounded collector, provided that the correct 
h parameters are used. 

15-5. High-frequency Grounded-emitter h Parameters.2. In most 
circuit applications where junction transistors are used as tuned high- 
frequency amplifiers, the grounded-emitter configuration is widely used, 
since it is known that for frequencies less than alpha cutoff it will give 
more gain than the grounded-base configuration. Additionally, from 
the point of view of the device designer, the grounded-emitter power-gain 
equation offers a far simpler relationship to the basic physical parameters 
of the transistor than does the grounded-base equation, making it easier 
to evaluate a particular design through matched gain measurements. As 
we shall see, the high-frequency power-gain equation for the grounded- 
emitter transistor is extremely useful to the device and circuit designer in 
determining high-frequency performance. Therefore, in this section the 
appropriate expressions for the high-frequency grounded-emitter h param- 
eters will be obtained for application to the general power-gain equation 
given by Eq. (15-38). 

The general expressions for the grounded-base h parameters as a func- 
tion of relative frequency w/w, were derived in Chap. 13. If we include 
the additional signal delays which were discussed in Chap. 14 so as to 
obtain equations expressed in terms of w/was, we get 





_— 1 / ~ 
"Tet ja/taoe + "2C1 + he) (5a 
hy» = jorz(Cre + Coe) (15-40) 
h = ane (Ke-) 1K glwlwer 15-41 

nae: 1 + Jw/wes ( ) 
hor w@abC De(w/wab)? te jo(Cre + Cpe) (15-42) 


Several assumptions are involved here which need clarification. Firstly’ 
in Eq. (15-40) it is assumed that the contribution of (us. + Gc) to hy is 
negligible at high frequencies. Secondly, in Eq. (15-41), it is assumed 
that emitter efficiency y is unity for all frequencies. Finally, in Eq. 
(15-42), it is assumed that the effect of ry on hw is negligible and we 
neglect the term wr,Cr.2. Actually, more exact expressions may be 
obtained by picking up additional terms in the series expansions of the 
hyperbolic functions (see Chap. 13); however, for frequencies up to the 
vicinity of was, Eqs. (15-39) to (15-42) are adequate. 

To obtain the equivalent grounded-emitter h parameters, we make use 
of the fact that the parameters for the two configurations, except for hy 
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or hye, are simply related by the factor (1 — a). This was first shown in 
the study of h parameters in Chap. 12. Thus, Eqs. (15-39), (15-41), and 
(15-42) may be divided term by term by (1 — a) to yield the grounded- 
emitter results. It should be pointed out that (1 — a) is the same as 
(1 + hp). 

Referring to Eq. (15-39), if we divide through by (1 + hy) and evaluate 


the result, we obtain 
Nie The (15-43) 


where the assumption is made that at high frequencies r}, is the dominant 
part of the final expression for h;.. Although reactive terms should be 
included in Eq. (15-43), in the next section these will not be used, since we 
will assume that all reactive terms will be tuned out by conjugate match- 
ings for power gain. 

The transformation of hp, to hy. was obtained in Chap. 14 in a similar 
manner; the result is repeated here as follows: 


— Bel(Ka-D/VK §le/wan 
ns 1 + jw/Ko(1 a Qo) Wab 





hye (15-44) 


In the frequency range beyond wee, i.e., Ko(1 — a)wos, Eq. (15-44) 
becomes, in magnitude only, 





Me ca a Naka (15-45) 
J® Jo 
Since hy. = —a/(1 — a), we can write, for a close to unity, 
SP (15-46) 
l—a jw 


This result can be applied to Eq. (15-42) to obtain the grounded-emitter 
output admittance h,.. Again, considering only the real terms in the 


result, we have 
Noe = wrC, (15-47) 


where we have defined C, = Cr. + Cp.. Thus, the output impedance 
of the grounded-emitter transistor at high frequencies is approximately 
inversely proportional to the product of the current-gain-bandwidth 
frequency and the collector capacitance. For example, if a transistor has 
Jr = 400 meps and C, = 10 puf, then h.. = 25 pmhos and we have an 
output impedance on the order of 40 ohms. 

It should not be inferred from Eqs. (15-43) or (15-47) that the real 
parts of hy and ho, are independent of frequency. These are only approxi- 
mations which were established for the purpose of evaluating transistor 
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designs and to aid in deriving the power-gain equation in the next section. 
Variations of hie and ho. with frequency, voltage, and current for a 
typical high-frequency p-n-p germanium mesa power transistor are given 
in Fig. 15-4. 
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t Open-circuit parallel equivalent output admittance 


Fia. 15-4. Typical variations of high-frequency grounded-emitter h parameters of the 
2N1692 p-n-p germanium power mesa transistor. (Courtesy of Motorola, Inc.) 


15-6. High-frequency Amplifier Power Gain. In earlier sections we 
obtained the general expression for the maximum available power gain 
for a four-terminal device, subject to the conditions of conjugate match- 
ing at both input and output. The result used only the real terms of the 
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device h parameters. Repeating this equation using the grounded- 
emitter transistor subscripts, we have 


hye? 
ie ee 1 he 15- 
a TieJoe( 1 = p)? ( : ‘od 


where ar [= Re Gedo) (15-49) 


and where r;, and g.. are the real parts of hie and hoe, respectively. 
In the previous section we saw that 


tis = PS (15-50) 
Joe = wrC. (15-51) 
and that the magnitude of h;.? is 
2 
hye? = F (15-52) 


To determine p, it is necessary to evaluate the real part of the mutual- 
transfer product, Re (hrehye). It has been shown by Pritchard’ that in 
most junction transistors, p may be approximated by unity with small 
error. Physically, this means that for the prescribed matching condi- 
tions, the resistance reflected into the input circuit from the output load, 
and vice versa, is negligible. In other words, we are saying that the real 
part of the transfer product is very close to zero. Therefore, inserting 
the final results given by Eqs. (15-50) to (15-52) into Eq. (15-48) and 
letting p = 1, we obtain the expression for the grounded-emitter power 
gain.’ 

wr 


SS te “5 
G. For (15-53) 
Expressing this result in terms of frequency, we have, finally,4 
G Ls Sue <I < Ban (15-54) 


eS Baf?r',Ce 


| 


where f = frequency of operation 

fr = current-gain-bandwidth frequency 

r, = base resistance 

C. = Coe + Cre 
Cr. usually refers to the active portion of the collector, which is approxi- 
mately equal to the active emitter area and the area bounded by the base 
contact. A more general definition of Cp, would consider the area of the 
transistor which containg each of the elements that make up rp. 

Por the approximations involved, Wq, (15-64) holds very well for 
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transistors that are conjugate-matched at the output and resistive- 
matched at the input. It is seen that the power gain is directly propor- 
tional to the current-gain-bandwidth frequency and inversely propor- 
tional to the product of base resistance and collector capacitance. 
Further, G, will decrease as the 

Power gain, hye noise figure versus frequency square of the frequency, thereby 

i decreasing at a rate of 6 db/octave. 
The variation of G, with frequency 














3 | for a typical high-frequency mesa 
Fs Vee =~6 volts d-c amplifier transistor is shown in Fig. 
fa) I,=2ma d-c 
15-5. 
0 15-7. Maximum Frequency of 
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ae Oscillation. It is interesting to 
Frequency, megacycles T = 'mox 


note that for the frequency charac- 
Fra. 15-5. Typical power gain versus teristics of the transistor given in 
frequency for the 2N700 p-n-p germa- rio 15-5, there is considerable 
nium amplifier mesa transistor. (Cour- he f f 
tesy of Motorola, Inc.) peer oe at the requency Jz 

for which the grounded-emitter 
current gain is equal to 1. At this frequency, Eq. (15-54) becomes 


= il 
any Awrr, Ce 


for f = fr (15-55) 


Even though the current gain is unity, we still have power gain because 
the ratio of the output impedance to the input impedance is greater than 
1. In Eq. (15-55), the output resistance is 1/wrC. and the input resist- 
ance is rs. Therefore, fr is not the uppermost limit of useful operation 
for the transistor. 

We must now consider that particular frequency at which the grounded- 
emitter power gain is equal to 1. This frequency is denoted as fax and 
is obtained by letting G. = 1 in Eq. (15-54) and solving for f. Thus, 





fr 

a | tee 15-56 
Frnax Sar,C. ( ) 
Since the power gain is unity at this frequency, it becomes apparent that 
fuax represents the maximum frequency of oscillation of the transistor, 
This introduces the second important gain-bandwidth product for the 
transistor, namely,° 


(Power gain) (bandwidth) ~ maximum oscillation frequency (15-57) 


At this time, there are many transistors available having gain-bandwidth 
products in excess of 1 kilomegacycle. 

15-8. Variation of Power Gain with Voltage and Current. Because 
of the individual dependence of such device parameters as fr, Th, and Cy 
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on emitter current and collector voltage, we would expect the matched 
power gain of a junction transistor at high frequencies to display a dis- 
tinct variation with d-c operating point. As a typical example, let us 
consider the grounded-emitter power-gain performance of the 2N700 
transistor for which G.(f) was given in Fig. 15-5. For this p-n-p germa- 
nium mesa transistor, the typical power gain at 70 mc, Vcg = —6 volts 
d-c and Iz = 2 ma d-c, is 23 db, and the variation with voltage and 
current is shown in Fig. 15-6. 

With Eq. (15-54) in mind, we may examine the collector-voltage 
variation first. As V¢ is increased, we know that the collector depletion- 
layer widens, causing the collector junction capacitance Cr, to decrease. 


Power gain and noise figure 
versus collector-base voltage 


Power gain and noise figure 
versus emitter current 
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Fie. 15-6. Variations of power gain with voltage and current for the 2N700 p-n-p 
germanium mesa amplifier transistor. (Courtesy of Motorola, Inc.) 


Additionally, the resulting decrease in base width W causes both fr and 
base resistance to increase. However, because fr varies as 1/W? whereas 
r, varies as 1/W, the total effect is an increase in the power gain. This is 
offset by the decrease in capacitance, and the power gain levels off with 
increasing voltage. 

In a similar manner we can explain the variation with emitter current 
at a constant collector voltage. Firstly, we know that the collector 
diffusion capacitance varies directly with Jz; therefore, C’, increases with 
current. Secondly, because of high-level injection effects, r; decreases 
with emitter current. Thirdly, the emitter resistance r, varies inversely 
with Zz, which causes fr to increase because of the reduced bypassing 
effect of the emitter junction capacitance at the higher emitter currents. 
Combining these effects, we see that at low currents power gain is 
reduced because of the emitter capacitance and the large value of r,. 
As Ty increases, the increase in C, is offset by the simultaneous increase 
of fr and decrease of 7), 80 that G, reaches a maximum, At the higher 
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currents, the power gain falls off because of the increase in diffusion 
capacitance and decrease of current gain. 

15-9. Design Theory for Optimum Power-gain Bandwidth. The gain- 
bandwidth relationships depicted by Eqs. (15-56) and (15-57) are 
unquestionably the most important design equations for achieving 
optimum high-frequency performance from the transistor.> It is seen 
that the gain-band product is proportional to the ratio of fr to the r,C. 
product. 


fr 

| 70, (15-58) 
This ratio might be regarded as a high-frequency figure of merit for any 
particular transistor design. In this section, the relationship of Eq. 
(15-58) to the physical characteristics of the transistor such as base 
width, area, base impurity concentration, and collector resistivity will be 
evaluated in order to arrive at a design theory for maximizing the gain- 
band product. 

In order to simplify the discussion, a generalized model of the transistor 
will be considered. This is necessary in order to arrive at a set of 
theoretically universal design criteria applicable to all transistor struc- 
tures regardless of the fabrication process. For this model, it is assumed 
that the active collector area is equal to the emitter area A and that the 
base has a uniform sheet resistance based on an average mobility fg, an 
average impurity concentration Ng, and a thickness W. Further, it is 
assumed that the collector capacitance and depletion-layer thickness are 
primarily functions of the average collector resistivity p- and are virtually 
independent of the base and emitter characteristics. Finally, all series 
resistances are neglected so that 1/w. becomes relatively insignificant in 
its effect on fr. With this assumed model, we can write 


1 
Jae OT foi Alaacde Miheaas 
If we take the reciprocal of the right-hand side of Eq. (15-59), we can 
examine each of the terms independently in order to establish minima 
which in turn maximize fnax- 

The first term of interest concerns the emitter time constant 1/w.e = r-Cr, 
or the total product r,C.27.Czre. Disregarding any effects of geometry on 
the magnitude of r’,, we recognize that r, is proportional to the base sheet 
resistance or to 1/aN,W. The mobility term is also proportional to 
impurity concentration; although Figs. 4-3 and 4-4 indicate that electron 
and hole mobilities vary differently with N and with the parent semi- 
conductor, it is reasonable to fit the following approximation for » in the 
range of typical base dopings: 





(15-59) 


pc N-028 (15-60) 
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Therefore, we establish that 7, varies as 1/N,°7?W. The collector 
capacitance is proportional to A/*+/p- The emitter capacitance is 
proportional to A VNz. We have, finally, 


A2N 79-22 
W Vole 


It is seen that this product is minimized primarily by designing for small 
active junction areas, because of the A? dependence. Light base doping 
is also indicated by Eq. (15-61), but this is not a primary factor, because 
of the small exponent. D-c operation for large values of Iz has a very 
pronounced effect because of the reduction of the magnitude of r,. 

The second term of Eq. (15-59) is related to the base-transit time factor ; 
we have the product r,C./ws. We saw that 1/w, is proportional to W2/z 
where @ is the minority-carrier mobility. Thus we have 


3 CHCre x 


(15-61) 


Mpg Org 2 AW 
Wp N,°-44 V/ de 


In this proportion the minimum is dominated by the requirement for 
small base width W and heavy base doping. 

The third term in Eq. (15-59) has to do with the transit time through 
the collector depletion layer and yields the product r,C./wa, where 
1/wa is proportional to the depletion-layer thickness 2m. Since am « 
Vp., we have, finally 





(15-62) 


Meal, ut aie, 15-6 

wa Nz°?w Sng 
The significant points here are the independence of collector resistivity 
and the fact that N,°7?W should be large. The latter is simply a direct 
argument for low sheet resistance or low r‘. 

From the results given by Eqs. (15-61) to (15-63), we can establish the 
criteria for optimizing f,,,, on the power-gain-bandwidth product. These 
are: 

1. Design for very small base widths. 

2. Design for very small emitter and collector areas. 

3. Design for very low base sheet resistances or heavy base doping. 

4. Design for high collector resistivities. 

5. Design for low ry by selecting optimum emitter and base-contact 
geometry. 

Kach of the above design steps must be modified to some extent by 
giving consideration to the desired d-c characteristics for the transistor. 
For example, the limitation on (1) would be voltage punchthrough; the 
limitation on (2) would be the current rating; the limitation on (3) would 
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be emitter efficiency or BVzg0; the limitation on (4) may be collector 
series resistance. 

Of particular interest is the transistor geometry problem implied by 
(5) for minimizing r,. As was discussed previously in Chap. 9, minimum 
r, can be obtained from a geometrical point of view by completely 
enclosing the emitter area in a very closely spaced base contact. The 
distance between the outside edge of the emitter and the inside edge of 
the base contact becomes critically important when one also considers 
the base-region self-crowding effect discussed in Chap. 10. Because of 
the small junction areas found in most high-frequency transistors, this 
current-density effect causes the injected emitter current to crowd to 
the periphery of the emitter (see Fig. 10-8). 
Consequently, the current-density capa- 
bility of an emitter is proportional, not to 
the area, but to the peripheral length.® 
Therefore, most of the base region under 
the emitter does not significantly add to 
r;, and that portion of the base region 
between the emitter and base contact be- 
comes the major factor. In view of this 
and the fact that a small emitter area is 
Fra. 15-7. Basic idealized transis- required for optimum fx, the optimum 
tor structure having stripe geom- emitter geometry is one that offers the 
etry for maximum emitter perim- maximum _ perimeter-to-area ratio. This 
eter-to-area ratio. (After J. M. f : 

Early.) leads to the choice of a thin rectangu- 
lar stripe as shown in Fig. 15-7, with the 
base contact having the same form and spaced as close as possible. 

It is interesting to note that the idealized structure given by Fig. 15-7 
has an r,C, product which is independent of the stripe length 1. This 
results from the fact that C. is directly related to the area IS, rz is directly 
related to the ratio S/l, and in the product of the two, the /’s cancel out. 
Thus, with regard to the product r,C.r-C re, if the stripe length is increased 
by a factor of three, for example, then the product is increased by the 
same amount due to the threefold increase in Cre. However, this can be 
offset simply by increasing Ig by the same factor. Therefore, the 
fundamental structure of Fig. 15-7 can be scaled up in length without 
deteriorating the frequency response, provided that the current is 
increased by the same amount. (This, of course, assumes that 1/w- is 
greater than 1/w,.) By so doing, high-frequency high-power transistors 
(high current ratings) can be readily designed. One approach’ which 
achieves a long emitter edge length utilizes a “comb” emitter inter- 
leaved between the teeth of a “comb” base contact, as shown in Tig. 15-8, 
This structure is a 10-amp unit having an fr of about 100 megacycles, 





Base region 
with sheet resistance, Reg 
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The structure of Fig. 15-7 has been analyzed by Early® for optimum 
gain-band product. With regard to stripe dimension S, it was shown that 


. € 6 
Germanium: (pees oe eps (15-64) 
eye 6 
Silicon: fee <= cps (15-65) 


where S is in centimeters. Furthermore, in optimum transistor designs 
in which the frequency response is limited primarily by the base width W, 





Fria. 15-8. n-p-n silicon power-transistor structure having a maximum collector current 
rating of 10 amp with an emitter edge length of 2.8 in. (Courtesy of Pacific Semi- 
conductors, Inc.) 


there is no difference in power gain between p-n-p and n-p-n devices. 
This is understandable if one considers that 
r 

TAs ae WE (15-66) 

vel) UpbnN p 

It is seen that this factor is inversely related to the mobility product 

pny Which is constant for any particular level of Nx.? Whether the 

device is n-p-n or p-n-p, one of the mobilities is a minority type associated 

with base-transit time and the other is a majority mobility associated 

with r,. However, since fr alone is not dependent on rb, fr for an n-p-n 
device is higher than for the equivalent p-n-p. 


PROBLEMS 


15-1, For the general four-terminal network of Fig. 15-1, show that the power gain 
for ry = 0 is given by 
i herp 
(Lob Agere) (Ais tb A*rn) 


where r_ @ L/ge and A ia the Aeparameter determinant, equal to Chistes - higher), 
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15-2. The grounded-base h parameters for a 2N404 p-n-p germanium-alloy transis- 


tor are as follows (Iz = 1 ma, Ve = —5 volts, T4 = 25°C): 
hi = 28 ohms hy» =8 X 1074 
hyp = 0.98 hop = 0.9 pumho 


For the given bias and temperature conditions, calculate the low-frequency power 
gain for the grounded-emitter configuration, where rz, = 20,000 ohms and rg = 100 
ohms. Express the answer in decibels. 

15-3. For the junction transistor described in Prob. 15-2, what should the values 
of rz and r, be for maximum grounded-emitter power gain? What is the matched 
power gain in decibels under these conditions? 

15-4. Determine the maximum frequency of oscillation of an n-p-n germanium 
double-doped transistor (grown-junction process) at conditions of Ig = —2 ma, 
Ve = 5 volts, and T4 = 25°C. For this bar structure, the effective base width is 
1 mil, the cross-sectional area is 100 mil’, the base is uniform, having a resistivity of 
0.2 ohm-cm, the collector is a step junction, and the collector resistivity is 4 ohm-cm. 
The contact to the base region is a single-line contact along one side of the bar. For 
this problem, assume that a ~ 1 and that the only significant signal delay is due to 
base transit, such that 1/wa, = 1/w». 

15-5. Calculate G, at 70 megacycles for the n-p-n silicon planar-epitaxial transistor 
described in Prob. 14-3 at the operating conditions of Vex = 20 volts, 1z = —10 ma, 
and T'4 = 25°C. Assume that at this level of current density, the active base resist- 
ance is between the edge of the diffused emitter and the inside edge of the base contact. 

15-6, A p-n-p silicon microalloy transistor is to be designed for high power gain ata 
particular frequency. What base resistivity (uniform impurity profile) is required 
for maximum G,? Assume that the majority-carrier mobility is the same as the 
corresponding minority value and that the alpha-cutoff frequency is determined only 
by the base-cutoff frequency w». 

15-7. A p-n-p germanium mesa transistor consists of a pair of 1 X 2 mil stripes 
(emitter and base) separated by 0.5 mil. fz for this transistor is 500 megacycles 
and is assumed to be limited only by the r.C7, time constant. The effective C, is 
0.4 uuf. It is desired to scale up this structure for high-power operation. What is 
the maximum emitter edge length of the final design if the tuned output impedance 
of the final power transistor is not to be less than 10 ohms? 
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Junction-transistor Switches 





16-1. Introduction to Switching Transistors. In addition to its use as 
an amplifier, the junction transistor serves as an excellent switching 
device for use in electronic computers or other forms of switching 
circuitry. Although switching circuits are many and varied, one can 
readily establish the fundamental requirements for the active element 
of the circuit for optimum switching performance. Let us examine these 
requirements in the light of an ideal switching transistor. 

In general, a switching transistor has two states of conduction; it is 
either on or off. For the switch to be ideal, the off state must have a 
very high resistance, approaching that of an open circuit. In the on 
state, on the other hand, the ideal transistor switch should have a very 
low resistance, approaching that of a short circuit. In either case, the 
objective is to minimize the load power dissipated within the switch, 
whether it is on or off. The amount of power required to drive the 
ideal switch from one state to the other should be as small as possible. * 
Furthermore, the ideal device should be capable of switching large 
amounts of power; i.e., it should be able. to withstand large voltages 
during the off condition and large currents during the on condition. 
Finally, in changing from one state to the other, the transistor should be 
able to switch as rapidly as possible. This requires that the transistor 
respond to the driving signal instantaneously. In other words, the 
transistor should have a very high gain-bandwidth response. It becomes 
apparent from the foregoing that the criteria for a junction-transistor 
switch have been established. In this chapter we shall discuss, in 
particular, the large-signal transient response of the transistor in order 
to relate the significant switching characteristics to the basic electrical 
parameters of the device. 


* There is a lower practical limit to driving power, since it would not be desirable 
to have a device so sensitive that random noise pulses would cause it to switch, 
ue 
427 
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In transistor switching circuits, the grounded-emitter configuration is 
by far the most widely used. For this arrangement, we shall be con- 
cerned with the collector output characteristic, since this will enable us to 
clearly understand the mechanism of switching from one state to another. 
A typical Vc¢ — I¢ characteristic for a p-n-p junction transistor is given 
in Fig. 16-1. Examining this figure, we see that the output charac- 
teristic is divided into three defined regions of operation,}2:* namely, 
the off region, the active region, and the on region. Each of these 
regions will be detailed separately. 


I, 


Saturation line 


(Yeeisar)) 


























: | 

1 @ 
s = a ci line . 
By 2 
= fy co] 
EN SE : 

oer Crete 

i} 

i YZ I,=0 

"Off" region 

Region Emitter | Collector 
Oi asta oe Reverse | Reverse 
ACtiVeS.. . 3.5 Forward | Reverse 
OBtr coe. ae. Forward | Forward 





Fra. 16-1. Collector output characteristic for a p-n-p grounded-emitter transistor, 
illustrating three operating regions. 


In the off region there exists the situation in which both the emitter 
and collector junctions are reverse-biased. Under these conditions, the 
collector current is very small, resulting ina large output impedance, 
As was shown in Chap. 9, the magnitude of this current is on the order of 
Iczs. It is seen that the off region is bounded by the curve for J, = 0. 
This corresponds to the point of zero applied voltage to the base-to- 
emitter junction and also represents the boundary for the active region 
of the transistor. In Fig. 16-2 is a sketch of the minority-carrier con- 
centration (holes) in the base layer for each of the three regions.? Vor 
the off condition, since both junctions are reverse-biased, the hole con- 


* References, indicated in the text by superscript figures, are listed at the endof the 
chapter. 
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centration is zero at the junctions, as shown. At the approximate center 
of the base layer, the hole concentration is equal to the equilibrium 
value. 

In the active region we have the normal mode of operation for the 
junction transistor; that is, the emitter is forward-biased and the collector 
is reverse-biased. In switching from 
off to on, the active region is trav- Emitter 
ersed along the load line, as indicated in 2 
Fig. 16-1. As we shall see later, the 
speed of transition through the active 
region (transient response) is a function 
of the gain and frequency response in 
that region. The minority-carrier con- 
centration for the active region, as Fie. 16-2. Minority-carrier concen- 

; : : a trations in the base layer as related 
shown in Pig. 16-2, is the familiar form © ‘tha #egteh: df oparation: 
discussed in previous chapters. 

The last of the three regions of operation is the on region, which is 
often referred to as a saturation condition. In this mode, the collector 
bias reverses polarity such that both emitter and collector junctions are 
forward-biased. As was shown in Sec. 9-8, the forward-bias potential of 
the emitter junction is slightly greater than that of the collector, resulting 
in a net negative potential from collector to emitter. This potential is 
represented by the saturation line drawn in Fig. 16-1, the slope of which 
corresponds to the saturation resistance of the transistor in the on 
condition. As is evident from Eq. (9-80), Vczax also includes the 
effect of any series resistance in the collector region. The hole con- 
centration in the base layer for the on condition is also included in Fig. 
16-2. At the collector junction, the hole concentration increases signifi- 
cantly because of the forward-bias condition at the collector. However, 
the slope of the hole concentration in the on condition remains the same 
as that at the edge of the active region, in order to maintain the same 
collector current. 

The next section will present a physical description of the mechanisms 
that take place as the transistor is switched through the three defined 
regions of operation. 

16-2. Qualitative Description of Switching Process. Before we estab- 
lish a specific mathematical analysis of the switching transistor, it would 
be appropriate to present a qualitative description of the physical events 
that occur when a transistor is switched from off to on and then to off 
again, Let us refer to the basic switching circuit shown in Fig. 16-3, 
in which the transistor is driven by a constant base-current source. 
When the transistor is turned on, the collector current J¢ flows for an 
input base current Jy), The potential Varco holds the transistor in the 


Collector 


“On" condition 


"Off" condition Active region 
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off state because of the reverse-biased emitter. The generator in the 
base circuit is a pulse generator and is assumed to generate an ideal step- 
function input pulse. For this circuit, the waveforms that are observed 
for the base and collector current pulses, respectively, are as shown in 
Fig. 16-4. One observes that the output collector pulse is far from 
being an exact replica of the input 
base pulse. The reasons for these 
particular wave-shape discrepancies 
will be explained in the paragraphs 
to follow. 




















At time fo, the pulse generator . 
delivers a step base current to the 

ty =Delay time 
—Ic t, =Rise time 

t, = Storage 

time 
Ry t, =Fall time 
9 a Vec —t 
+. 
===Voee (OF F) 

Fia. 16-3. Basic grounded-emitter tran- Fia. 16-4. Input base-current waveform 
sistor switching circuit. The base is and output collector-current waveform 
driven by a constant-current source. for a transistor, illustrating definition 


of switching times. 


transistor. At this instant, the transistor is sitting in the off condition 
because of the emitter reverse-bias voltage V grr). The collector current 
that is flowing is extremely low (on the order of I¢zs); since this is 
negligible, the voltage on the collector junction is equal to the sum of the 
supply voltage Vcc and the turnoff voltage Vezorr. After to, the base 
current rises immediately to 7g;, but it is observed that the collector cur- 
rent does not begin to increase until ¢;. The time between fo and ¢, is 
called the delay time ta and is defined as the time required to bring the 
transistor from the initial off condition to the edge of conduction, i.e., to 
the beginning of the active region. This may be defined as that instant 
of time, t:, at which the applied base-to-emitter voltage is zero. Physi- 
cally, the finite time required for tg comes about because of the reverse 
bias on both the emitter and collector junctions. As the effective base- 
to-emitter voltage goes from V grrr) to zero, the depletion layers on both 
junctions must reduce in thickness accordingly. This corresponds to an 
increase in the junction capacitances; the delay time is the time required 
to charge these capacitances to the new voltage level, It should be 
apparent that if Vaxwrr) = 0, then la = 0, 
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At time t,, the operating point of the transistor is at the beginning of 
the active region, in which the emitter starts to become forward-biased 
and begins to inject current into the base. Now the collector current 
begins to increase toward its saturation value, corresponding approxi- 
mately to Vec/Rz. However, rather than increasing instantaneously at 
t, it requires a finite time to reach 90 per cent of the final value. This 
occurs at time ¢:; the time interval t, — ¢, is defined as the rise time t, of 
the collector current pulse. Rise time is attributed to the fact that 
there exists a finite transit delay between the base and collector currents 
and is a manifestation of the frequency response and current gain (beta) 
of the active region of the transistor. It should be recognized that 
neither the gain nor the frequency response remains constant through 
the active region. D-c beta (hrz) will vary with current for the reasons 
already discussed in Chap. 10 and may pass through a maximum value 
depending on the hrz(Jc) characteristic and the magnitude of current to 
be switched. Also, the effective base width increases as the collector 
voltage decreases from the supply value to the saturation value. This, in 
turn, causes the base-transit time to increase so that the frequency 
response falls off. 

During the same active switching interval, both the emitter and 
collector transition capacitances must be charged to account for the 
depletion-layer changes with voltage. In the emitter, the capacitance 
increases because the contact potential is reduced by the forward-bias 
portion of Vz; in the collector, the capacitance also increases and must 
be charged through the collector series resistance, which is predominantly 
the external load resistor Rz. All these effects take place simultaneously 
and will be analyzed quantitatively to determine the collective effect on 
rise time. 

The transistor will remain in the on state as long as the input base 
current Jz; is maintained. With reference to Fig. 16-4 again, at time ts 
the base input pulse steps off immediately; however, it is observed that 
the collector pulse does not respond until time ¢;. The time interval 
between ¢; and t, is referred to as the storage time t, and is attributed to the 
same basic storage phenomenon described in Chap. 6 for the p-n junc- 
tion. The storage time is a measure of the time required for the minority 
carriers in the base and collector to recombine back to the level corre- 
sponding to the boundary between the active and saturation regions. 
These excess carriers arise because the collector junction becomes for- 
ward-biased when the base current J; is greater than the Ip necessary 
to produce Je; i.e., Ini > Tc/hen. Thus, storage time is related to a 
carrier-recombination process and is a measure of the minority-carrier 
lifetime in the base and collector regions. 

Vinally, at time 4, the transistor comes out of saturation and the 
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operating point traverses the load line again through the active region 
into the off state. This is the turnoff portion of the collector waveform; 
the time interval between ¢, and ¢; is defined as the fall time t;. At ts, 
the collector current has reduced to 0.1/¢. The description of the 
switching process for fall time is similar to that for rise time, except that 
the active region is traversed in the reverse direction. 

In summary, we see that in response to a step input of base current, 
the collector current requires a total turnon time, which is 


torn = lat t (16-1) 


Also, when the base current is removed as a step, the collector current 
requires a total turnoff time, which is 


torr = t, + ty (16-2) 


16-3. Stored-base-charge Transistor Analysis. In all the analyses 
of the transistor that have appeared in the preceding chapters, the 
theory has been based on the argument that the transistor is a current- 
controlled device; ie., the collector current is affected by changes in 
either the emitter current or base current. Thus, the basic equations 
derived for d-c characteristics, h parameters, frequency response, etec., 
are all a function of the currents of the transistor. Without a doubt, this 
is a very appropriate and worthwhile approach to analyzing the transistor 
theoretically from either the steady-state or small-signal point of view, 
because one can readily approximate linear operation for the transistor. 
However, when one has to apply a large-signal analysis to the transistor, 
as is the case in describing switching characteristics, the current approach 
becomes relatively complex because of the high degree of nonlinearity 
displayed by the transistor for large changes in current and/or voltage. 

To aid in the large-signal analysis of the switching transistor, a powerful 
new concept has been introduced by Beaufoy and Sparkes, in which they 
regard the transistor as a charge-controlled device.* In this concept, the 
collector current is related to the charge in the base; in order to effect a 
change in collector current there must be a change in the total charge in 
the base. For example, in the grounded-emitter transistor, the base 
current provides the necessary total base charge which controls the 
collector current. 

The fundamental relationship in charge-control transistor theory is the 
obvious fact that current is charge per unit time, or 

ar = “8 (16-3) 
where 7 is defined as a time constant which relates the current to the 
charge. Therefore, if we are to relate the collector current [¢ to the total 
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base charge Qz, the collector time constant rc is Qg/Ic. In a similar 
manner, the emitter and base currents can be related to Qz, so that we 
have 


Emitter time constant: TE = 7; (16-4) 
E 
; ; _ Qs 
Base time constant: ae (16-5) 
; ; _ Qs 
Collector time constant: 1A (16-6) 


We shall now proceed to relate these time constants to the charac- 
teristics of the transistor. Let us consider the active region of the p-n-p 
transistor in which the emitter is forward-biased and the collector is 
reverse-biased. Under these conditions, the emitter is injecting holes 
into the base, and if W « L,», then a linear hole gradient is established 
in the base which decreases to zero at the collector. As was shown in 
Chap. 8, the emitter current is given by 


d 

Iz = —gADpo (16-7) 
In the base region, 

d perl BIRT 

“ tof MELEE .s (16-8) 
so that Eq. (16-7) becomes 

Valk 
jp eee (16-9) 


But gA pnre2"#/*" is the charge per unit length just at the base side of the 
emitter junction (a = 0); it decreases linearly to zero at c = W. There- 
fore, the total charge in the base is the area of the charge gradient 
(triangle), or 

_ Apmet¥ = 





4 a cane: Rim aed (16-10) 
Substituting Eq. (16-10) into (16-9), we obtain 
2D 
Iz = tod (16-11) 


From Eq. (9-13) for y = 1 we see that W?/2Dyrex = In/In, so that Eq. 
(16-11) becomes, finally, 


Ip = 22 (16-12) 


Toit 


Thus we see that the base time constant rp is equal to the effective 
minority-carrier lifetime in the base; i.e, surface recombination is 
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included. In other words, base current flows to maintain the total base 
charge constant by making up for the amount of charge being lost by 
recombination. 

To determine the emitter time constant, we refer to Eq. (16-11), where 
we saw that 


Qs _ W? 
pes ets = 16-1 
TE ly bu Ta(1 — a) ( 3) 
From Eq. (14-8), we see that for the uniform base, the base-cutoff 
frequency is given as 


1 Ww? 
ow  243D— (ele 
Substituting this result into Eq. (16-13), we have? 
1.2 : 
rt Ss uniform base (16-15) 
b 


For a graded base, it was shown in Sec. 8-7 that rz = W?/4D,.; therefore, 
Tr = =e graded base (16-16) 
'b 


where w» is already corrected by the In (N%,/Nazc) term. 
Finally, for the collector time constant, since I¢ = al Ez, We get, simply, 


TE 


To=— (16-17) 
a 


With each of the time constants defined, we are now in a position to 
apply them to the large-signal transient response of the transistor. The 
basic equation is the equation of charge continuity, which is #4 


_ a, Q 


= G+ (16-18) 


If this result is integrated over a given time interval, then 


[ram [Page [2H (16-19) 
0 Qi 0 is 


This says that the total charge supplied during the interval ¢ is equal to 
the amount of charge necessary to change the current in the volume to a 
new level plus the amount necessary to replenish that lost by recombina- 
tion. Herein lies the beauty of the charge concept for large-signal 
analysis. In solving Eq. (16-19), one is concerned only with the absolute 
total change of charge during the time interval as determined by the 
limits of integration, thereby eliminating any concern for the variations 
of the time constants during the same interval. 
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In order to attach physical meaning to all of the foregoing, we shall 
now present a qualitative description’ of how the total base charge of a 
grounded-emitter transistor changes as the base current shifts suddenly 
from Jz: to a new level Ip2. In this particular situation, we shall assume 
that the switching all takes place in the active region. Reference is made 
to the switching circuit of Fig. 16-3 and the base-charge diagram in Fig. 
16-5. At the initial current level, the charge distribution in the base 
appears as the unshaded portion of Fig. 16-5. The charge level below 
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Fic. 16-5. Base-charge distributions illustrating switching in the active region. The 
shaded area denotes additional stored charge. 


the dashed line corresponds to the equilibrium majority-carrier electrons 
in the n-type base. The charge above the dashed line represents the 
minority-carrier hole concentration injected by the emitter. This hole 
gradient is matched by an equal charge of electrons injected by the base 
in order to maintain neutrality. Also shown in Fig. 16-5 are the deple- 
tion layers of the emitter and collector junctions, which have spread to 
establish the effective base width W,. Thus, we have described the 
nature of the base charge at the initial active condition where the base 
current Jz; produces a collector current I¢;. 

When J»: is switched rapidly to Igs, several changes occur simul- 
taneously. Firstly, the increased forward-bias potential at the emitter 
causes the depletion layer to narrow, corresponding to an increase in the 
emitter transition capacitance. Secondly, the level of injected holes 
increases and the gradient steepens, corresponding to the new level of 
collector current Ic. Thirdly, the increase in collector current causes 
the collector junction voltage to decrease due to the larger voltage drop 
across the load resistor R,. This causes the collector depletion layer to 
narrow, establishing an inerease in the collector transition capacitance, 
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Finally, because of both depletion-layer variations, the base width 
increases from its initial value W, to its final value W». 

To account for all the changes described, an additional charge, equal 
to all the shaded area shown in Fig. 16-5, must be injected into the base 
region. This charge is composed of several parts. Below the dashed 
line, the shaded regions represent the amount of majority-electron 
charges necessary to neutralize the impurity ions exposed by the reduced 
depletion regions. These are denoted by AQz, and AQ, the additional 
charges in the transition capacitances of the junctions. The shaded 
area above the dashed line is the charge required to set up the new 
current level and maintain it against the recombination rate. This area 
also includes the extra base charge required to compensate for the 
increased base width or, more specifically, to charge up the emitter and 
collector diffusion capacitances. It should be recalled that diffusion 
capacitance is the amount of charge that must be added or removed 
from the base when a voltage variation causes the base width to change; 
i.e, Cp = dQ/dV. To express the total base-charge variation mathe- 
matically, we use the form of Eq. (16-19).#5§ 


t QT e2 Qrez QB: t 
| In dt = tf dare + [dre + [ dQs + [ Qe at (16,90) 
0 Qre1 Qre Qa 0. TB 


Since the first two right-hand terms represent the transition-region 
charges, we can change their limits of integration, and we have 


t Vege Vese Qpe £Qp dt 
Ip dt = Cr. dV er + Cr. dVce + dQz + 
0 Ver Vea Qn 0 TB 
(16-21) 





It was the purpose of this section to illustrate the general application 
of the base-charge theory to the solution of large-signal transistor prob- 
lems. In the sections to follow, the concept will be utilized to derive the 
specific equations for the delay, rise, storage, and fall times of the transis- 
tor in the switching circuit of Fig. 16-3. 

16-4. Delay Time. In Sec. 16-2, delay time tz was defined as the time 
required to bring the transistor from the initial off condition to the edge 
of the active region. To do this, the base requires a total charge equal 
to that necessary to charge the transition capacitances of the emitter 
and collector junctions as the voltage changes by the amount AV = V prworw), 
Since we are at the edge of conduction, we can assume that /¢ = 0 
(neglecting Iczs), and therefore Qs =~ 0. The charge equation is 
written as” 


_ IQre 4 dQr. (16-22) 


Ts dt dt 
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Integrating this result with respect to time and changing the limits, we 
have 
—Vee 


ta 0 

0 Is dt = he VaxorFr) Cre dV be = ey, VBxOFF)) Cre adVen (16-23) 
where Vcc is the collector supply voltage. In this equation we cannot 
assume that the transition capacitances are constants, since we know 
that they vary as V-!/". In most transistors, the emitter approximates a 
step junction, and therefore C7. varies as Vgx~™, or 


Cre = Cp.Ver~” (16-24) 


where C;, is the emitter capacitance measured at a total voltage 
(Vez + Vr) equal to 1 volt. Further, for the collector capacitance it 
may be assumed that Cr, varies as Vcn—”, regardless of whether the junc- 
tion is a step or is graded. This is so for the graded case as long as the 
magnitude of Vcc is high enough to establish square-root behavior. At 
lower values of Voc, Cr. will vary as Veg—?5 or Veg~. Nevertheless, 


Cr. = Cr. Vice % (16-25) 


where C7, is the collector capacitance for (Veg + Vr) = 1 volt. Sub- 
stituting Eqs. (16-24) and (16-25) into Eq. (16-23) and integrating, we 
have 

Trita = 2Cp.V ere + 2CpL(Vcc + Vezwrr) — Veo] (16-26) 


or, finally, 
_. : 
ta = 7 {CreVenorm + Crl(Vco + Vazorm)* — Veo} (16-27) 


Thus we see that the delay time increases with the magnitude of the 
turnoff voltage Vexziorr and decreases as the turnon base current [31 
becomes larger. From a transistor-design point of view, since the 
second term of Eq. (16-27) is usually negligible when Vgrvorr) «K Voc, we 
see that delay time is minimized when the emitter transition capacitance 
is small. This means that one should design for small emitter areas 
primarily. 

16-5. Rise Time. Rise time ¢, is defined as the time required for the 
collector current to increase to 90 per cent of its final value in the switch- 
ing circuit. Essentially, this transition occurs completely in the active 
region of the transistor, starting at the edge of conduction and ending 
just below the edge of saturation. Based on the discussions in the 
earlier sections, we can write the charge equation as 
- aoe + aoe 4 dQn 4 Qn (16-28) 


dt Th 


Tn 
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where rz is the base time constant. The first right-hand term corre- 
sponds to the charging of the emitter junction capacitance as the forward- 
bias voltage reduces the junction contact potential; the second term 
corresponds to the charging of the collector capacitance as the collector 
voltage decreases with increasing current; the third and fourth terms 
represent the charging of the base region to attain the new collector- 
current level and maintain it against the recombination rate. 

Eq. (16-28) is a first-order differential equation and may be readily 
solved by separation of variables. It may be arranged as 


1 dt 
Tz =, Qz/tB = AQre + AQr. + dQs 


Since we are interested in a solution in terms of collector current Ic, we 
can multiply both sides of Eq. (16-29) by d/¢ and integrate the result. 
Since the collector current increases from 0 to 0.97¢ during the time 
interval from 0 to ¢,, we have, finally, 





(16-29) 


ki dle 2 i dt (16-30) 
0 Lei —Qzs/re Jo AQre/dI¢ + dQr./dlc + AQz/dIe 


Note that 7x = Ip, since we are assuming that the base current steps up 
instantaneously at the start of turnon. The dQ/dI¢ terms in the denomi- 
nator of Eq. (16-30) are time constants as defined by Eq. (16-3). The 
emitter time constant is given by 


AQre e i. Qre: o iu Vel 
dle VLE lore ie Pa 





Cre dV gg (16-31) 


During the rise-time interval, the applied emitter voltage changes from 
0 to approximately Vr/2, where Vy is the junction contact potential. 
Assuming a step junction, 

AQr. 1 [¥7/2C,,.dVer  2C>,(Vr/2)% 


whee 4p ar aaa se (16-32) 








where C;, is the capacitance at 1 volt. However, Eq. (16-32) can be 
modified such that 
aAQre 2 Cr.Vr 


dI¢ Ie (6-35 








where Cr, is the emitter capacitance at the final current level. Since 
Vr/Ic¢ is the d-c junction resistance, we can approximate the time 
constant as 


dQre = = 1 
yi ReCre “i (16-34) 
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In a similar manner, the collector-junction time constant is given by 


dQr. 1 Nes d 1 Vcp2 


=_lc CO T =_l OO 
dle Ic Qre1 : Ic Ven 





Cr. dV cr (16-35) 


Assuming that the collector depletion layer varies as Vez", we have 


AQr. me 1 — Vexsar) GA adVop a 2C7.V co” 
Glo ele ~vee Ves*® Te ee 








In this result, the Vexzar) term is neglected because it is usually quite 
small compared to Vee. We can express Eq. (16-36) in terms of capaci- 
tance at the initial voltage Vec. Also, we recognize that?’ 


_ Veo — Verwar _ Vee 


Therefore, Eq. (16-36) becomes 


dQr. 
dl¢ 





= 2R1Cr. step junction (16-38) 


For a graded junction, where Cp, « Veg-%, it is easily shown that 


dQre 
dI¢ 





= 1.5RiCr graded junction (16-39) 


Thus we see that the charging of the collector capacitance through the 
load resistor can be a significant factor.’ It should be understood that 
the collector resistance rc is in series with R; but is neglected because we 
assume Vezgar is small. 

The final time constant in Eq. (16-30) is the dQz/dIc term. 


ah - e ‘} - oe Ge On (16-40) 
Since the initial total charge Qa: is zero (I¢ = 0), 
a v, oe te) (16-41) 
From lWqs. (16-15) to (16-17), we have 
ve = = uniform base (16-42) 
ae = os graded base (16-43) 


where wy is the base-cutofl frequeney at the edge of saturation. 
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Examining Eqs. (16-34), (16-38), (16-42), and (16-43), we see that 
they are in the form of 


dQre dQr- dQs = 1 K 
Gr ai at ae ae ee (16-<8 





However, the first two terms may be approximated by 1/wr, the current- 
gain bandwidth frequency (see Eq. 14-28), wherein we neglect the 
depletion-layer transit time since this is small at the edge of saturation. 
Therefore we obtain, finally, 


dQre dQr. 
7 ae 





oe AQs _ i + 1.7R1Cre (16-45) 


dle» 
The constant multiplying R,C7- has been selected as a nominal value to 
generalize the result for all transistor types. Thus Eq. (16-45) may be 
substituted into Eq. (16-30) to solve for #,. 

To integrate the left-hand part of Eq. (16-30), we recognize from 
Eqs. (16-13) and (16-17) that 


Qs _ tele _ Ic(l — a) nepal hes 





= (16-46) 

TB TB a hreg 
Substituting this result into Eq. (16-30) and completing the integration, 
we have 


ar By hrel zi 
tl. = hrr (<. + 1.7Cr) In healsy = Ole = 0.9[c (16-47) 


which is the final expression for rise time.* All terms except Cr. are 
measured at the edge of saturation. 
One observes that the logarithm 
function is multiplied by both hre 
and a time constant which is the 
effective cutoff frequency of the tran- 
sistor having Rz as a load resistor, 
The logarithm function times hep is 
called the circuit-drive function and is 
plotted in Fig. 16-6 as a function of 
alpha [« = hre/(1 + hre)| for differ- 
® ent values of the circuit current ratio 
ee Ope aa. 098 10 = Jo/Tg;. It is apparent that this 
function (or rise time) is reduced by 

Fic. 16-6. Magnitude of circuit-drive the choice of a high-hrz transistor and 
carpe inet phir 7 high circuit drive (low To/I ny ratio), 
From a transistor-design point of view, Iq. (16-47) indicates that low 
rise time is achieved with high fr. Thus, the requirement for very 


* This result is very similar to that given by Moll," 
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small emitter and collector junction areas becomes extremely important 
if very high switching speeds are needed. 

16-6. Storage Time. Once the transistor is fully turned on, it remains 
in saturation because the driving base current Im is greater than that 
necessary to establish the collector current Ic, that is, Iz: > Ic/hrz. In 
saturation, the collector junction becomes forward-biased and the 
charge diagram* appears as shown in Fig. 16-7. In the base region, the 
total stored charge in saturation is denoted by Qzs. It is also seen that 
the carrier concentration at the collector is not zero, but has a finite value 
depending on the magnitude of the 
collector forward bias in saturation. Emitter Collector 
Because the collector is injecting holes 
into the base (for p-n-p), one also has 
to consider the injection of electrons 
into the collector from the same junc- 
tion potential. If the minority-carrier 
concentration in the collector is at all 
appreciable (high collector resistivity), 
the charge stored in the collector can- 
not be neglected. In Fig. 16-7, the Fic. 16-7. Transistor charge distribu- 

dl tion in saturation region. The 
collector charge 1s denoted by Qes. shaded area denotes excess stored 
Thus the total stored transistor charge charge. Illustrated also is the 
is Qas + Qes. Tf Qz is the amount of _ stored charge in the collector region. 
base charge required to bring the tran- 
sistor to the boundary between active and saturated operations, then the 
excess stored charge is 





Qx = Qzns + Qos — Qe (16-48) 


The crosshatched portions of Fig. 16-7 represent the excess charge Qx. 

Thus, storage time ¢, is the time required for the transistor to come out 
of saturation, or specifically, the time required to reduce the excess charge 
to zero. The latter occurs when the collector forward potential is 
reduced to zero and starts to reverse polarity. The storage interval 
begins when the base current Ip; is reversed to a turnoff value Ippo. 
Since the excess base current may be defined as*- 


Ipx = Ini — Is (16-49) 


the storage time constant is 
= 4x _ (16-50) 


oie alee 


To aid in the analysis of the saturation region, we can make use of the 
concept that the total base charge is made up of two components,’ 


Qua @ Qnar % Quan (16-51) 
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where these total charges are defined by the regions shown in F ig. 16-7. 
The first term corresponds to a forward emitter-to-collector current J Fi 
the second term is a reverse collector-to-emitter current Ip. The latter 
current is 

Ir = Inp + Inn (16-52) 


where Iz, is the hole current injected into the base and Ip, is the electron 
current injected into the collector. Substituting Eq. (16-51) into Eq. 
(16-48) and the latter into Eq. (16-50), we have 


_ dQx _ Qasr + Qzsr + Qces — Qz 








TS dlp i (16-53) 
or, in terms of time constants, 
vata dQx — telr + rerlep + toslen — tele (16-54) 
dlp Ix 


where 7pp is the emitter time constant in the reverse direction and Tos 18 
the time constant of the collector region. We can now proceed to 
simplify Eq. (16-54). 

Firstly, if base recombination is sufficiently low so that base transport 
is unity in either direction, we can establish a reverse alpha given by the 
reverse collector efficiency as 

Trp = Lig 
Teal an Ip 
From this relation, we see that Ir» = arIp and Ip, = (1 — ap)Ip. 


Secondly, to determine the expression for Ipx in terms of ap and J R; 
we refer to Eq. (16-49), in which® 





ar ~yR= 


(16-55) 


Iz 4 (1 = a)Ip + ad = ar)Ir (16-56) 

and Ip = (1 — a)Iz (16-57) 

Therefore Tax = (1 =a a) (Ir i Iz) + el = ar)Ir (16-58) 
Since I¢ = alg = alr — Ip, 

Ip — In = 7 (16-59) 


Substituting Eq. (16-59) into Eq. (16-58) and simplifying, we obtain® 
Ipx = as (1 — aap) (16-60) 


Inserting Eq. (16-60) and the relations from Eq. (16-55) into Hq. (16-54) 
and rearranging, we obtain the final expression for the storage time 
constant, 

_ dQx _ Qx _te+ aarrgr + a(l — ar)res 


18 of) 1.— aar 1 — aap 


This result will be discussed in the latter part of this section. 





(16-61) 
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The equation for storage time #, is obtained by solving the differential 
charge equation, which is? 
d 
— Qs ifs Qzs 4 ae 
TB TS t 


dQzs 


Bice: 





(16-62) 


Since the storage-time interval ends when Qzs = 0, during that interval 
dQp/dt = 0; Qz is constant during that time and equal torc¢Ic¢. _ Further- 
more, during the same interval, Zp was switched to Igo. Thus, Eq. 
(16-62) becomes 

Tog ~ 12S = Qa. Pape (11-63) 


TB TS dt 


Introducing dJz and separating the variables for integration, we obtain 


0 dIp te dt 
a a 16-64 
re Ip2 — telc/ta — Qzs/ts I dQzs/dI pz ( ) 


where Ipx = Ip: — Ip. Recognizing that rc/7z is 1/hrz and that 
dQzs/dIp is equal to rs, we obtain, as a complete solution for the storage 
time, 





Ip. a I po 


5 erg pee ee 
, “ ef OF OF — Ipe 


(16-65) 
In this result, Zz: is negative, so that |Iz: — In2| equals |Jsi| + |Izpl. 
This is also true for the denominator. 

The significant parameter in the storage-time equation is rs, as given 
by Eq. (16-61). For an alloy-type transistor having negligible collector 
stored charge, we can let aag = 1 and reg = 0, and Eq. (16-65) becomes 

_ Te +TeER Ini — Ize 
ts = ae In Ait ee (16-66) 
Since rz = 1.22/a» and rer ~ 1.22/wyr, we obtain a result similar to that 
obtained by Ebers and Moll,? namely, 


a 1.22(w, + wor) 


wrwor(1 = aap) Ic/hrz = Ine 


Ini ‘ns Te 





(16-67) 


For a uniform-base device, it is reasonable to assume that w, = o»r and 
therefore the storage time constant is approximately 2.4/w,(1 — a). 

If the alloy-type transistor has a graded base such as that found in 
drift or MADT transistors, then the reverse-cutoff frequency is lowered 
considerably by the built-in electric field, which is retarding to the flow 
of carriers, Since re © 0.6/e» for a graded base in the normal direction, 
one would conclude that rex @ 2.4/o% in the reverse direction, since the 
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reverse base-cutoff frequency is lowered by the same factor that enhances 
the transit time in the normal direction. With this assumption, the 
storage-time equation for a diffused-base alloy transistor is, approximately, 


- 3 ~ Ini — Ine 
w(l— a) Ic/hrz — Ize 





ts (16-68) 


where aw» is the base-cutoff frequency in the normal direction and includes 
the effect of the graded base. Both w, and a are measured at the edge of 
saturation. 

For transistors made by single-ended processes such as mesa or planar, 
the collector resistivity is moderately high and we cannot neglect the 
tos term in Eq. (16-61), since the current Jz, and the stored charge Qcs 
are appreciable. Because of this effect, the inverse alpha is very low, 
ar = 0. Therefore, 

Ts =Te +7cs (16-69) 


wherein it is assumed that the forward alpha is equal to unity. In Ka. 
(16-69), rz is given by 0.6/w». 
To determine the magnitude of rcs, we can write that in the collector 


Volk? 
Ing ve SD eee (16-70) 


where L,, is the diffusion length of electrons and is a function of the 
minority-carrier lifetime r,,. Assuming a linear carrier gradient, the 
total stored collector charge is (area of triangle) 





/kT 
Qos = $e (16-71) 
so that 
Tan = 7OneGes — Qes (16-72) 


Here we see that the collector time constant is 
Tes = = (16-73) 


or one-half the minority-carrier lifetime in the collector. 
The storage-time equation for mesa- or planar-type structures is 
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For low storage time, it is essential that the collector lifetime be made as 
small as possible. This is usually accomplished in the processing of high- 
speed switching transistors by the intentional introduction of certain 
impurities which drastically reduce the collector lifetime. The effective- 
ness of such lifetime treatments is determined by the measurement of the 
recovery time of the collector-to-base diode. 1011 

If the thickness of the collector region is smaller than the minority- 
carrier diffusion length as is the case for epitaxial transistors, Eqs. 
(16-70) to (16-74) must be modified accordingly. For epitaxial transis- 
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Fia. 16-8. Magnitude of circuit-drive function for storage time tg. 


tors having an epitaxial collector of thickness W, in centimeters, it has 
been determined empirically that 


W.? 
Tes = 5 sec Wiicclins (16-75) 





Thus, the thickness of the epitaxial layer becomes an important design 
factor for switching transistors. 

All the foregoing expressions for ¢, have in common the circuit-drive 
function given by the logarithmic term. A plot of this function is shown 
in Fig. 16-8 for different values of the turnoff ratio I¢/Igs. One sees 
that storage time increases as the transistor hrg gets larger or as the 
transistor is driven harder. Increasing the magnitude of Iz2 lowers ts. 
It is interesting to note that when hpg is very large, or if Ip: = Ip. = Ic, 
the circuit-drive function reaches the limiting value of 0.69. This yields 
the useful relationship 


t, = 0.7rs (16-76) 


To close this section it should be pointed out that in saturation the 
depletion layers of both junctions are very narrow and therefore the 
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effective base width used in the calculation of w is approximately equal to 
the physical base width of the transistor. 

16-7. Fall Time. The last switching parameter is the fall time ty, 
which is the time required for the collector current to decrease to 0.1] ¢. 
During this interval, the transistor is operating in the active region 
again, but this region is being traversed in the direction opposite to that 
of rise time. Therefore, during the fall-time period, the amount of 
charge to be removed from the base is equal to that which was added 
during the rise-time interval. For this reason, the charge analysis for 
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Fig. 16-9. Magnitude of circuit-drive function for fall time ty. 


fall time yields the same time constant as for rise time, given by Eq. 
(16-45). Therefore, the integral equation (see Eq. 16-30) becomes 


0.12 ¢ dlc ¥ “A di 
I. Tn: — Ic/hee i jm 7 LiiGe. (16-77) 


and the integral solution yields 





Te ip hrel pe 


Olie= eels. (16-78) 


ly => hr (+ a L7RsCr.) In 
or 
The magnitude of the circuit-drive function in Eq. (16-78) is plotted in 
Vig. 16-9. It is seen that t; increases with increasing hrz, but primarily 
decreases as the magnitude of the circuit ratio I¢/I 2 decreases. 

16-8. Charge-control Parameters of Switching Transistors. In sum- 
mary, the design of high-speed switching transistors requires that the 
base-cutoff frequency be as large as possible and that the emitter and 
collector junction capacitances be as small as possible. Iurthermore, to 
minimize charge storage in the collector, the minority-carrier concentra- 
tion and/or lifetime should be made as low as possible. These require- 
ments come as a result of the charge analysis of the grounded-emitter 
switching transistor which yields expressions for the delay, rise, storage, 
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and fall times. For maximum switching speed, the magnitudes of the 
delay-plus-rise times (fox) and the storage-plus-fall times (fore) must be 
small. Present transistor technology makes possible devices having total 
switching times in the range of 10 to 100 nsec (nanoseconds, 10-° sec). 
Fig. 16-10 provides typical switching data for a high-speed n-p-n silicon 
epitaxial transistor. The curves give the values of foy and torr for 
different levels of collector current and circuit ratio I¢/In1. 

One useful way of satisfying the circuit designer’s problem of predicting 
the switching times of a particular device for circuit-drive conditions, 
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Fia. 16-10. Typical switching characteristics as functions of circuit current ratio for a 
2N834 n-p-n silicon epitaxial planar transistor. (Courtesy of Motorola, Inc.) 


different from that specified by the manufacturer, is to provide data on 
the so-called charge-control parameters of the transistor.*!2 These 
charge-control parameters are Qorr, Tr, Ts, and vr; they manifest them- 
selves when the various switching-time expressions are written in the 
form 








ee (16-79) 
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= 16-81 
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In each of the above equations, we see that the charge-control parameter 
is multiplied by a cireuit-drive function, In fact, igs. 16-6, 16-8, and 
16-9 are plots of t./re, &/ ra, and ty/ rp, respectively, 
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From the theory of the previous sections, we can write 


Qorr = ICG Virmisey Vee > Vexcorr) (16-83) 
TR = TPR = ~ + 1.7RiCr, (16-84) 
T 
S 2.4 uniform base alloy 
i ire wo(1 = a) OD = WR; AR = 1 (16-85) 
in 3 graded base alloy 
ite w(1 — a) wp, = door} ae = 1 ogo 
OS oe single-ended types 
Ts = e 5 8 (16-87) 


The above relations provide a reasonably accurate means of calculating 
the magnitudes of the charge-control parameters from the physical 
properties of the device structure. On the other hand, any attempt to 
determine the charge-control parameters from measurements of WT, Wy 
a, wer, etc. would be exceedingly difficult, since these parameters must 
be measured at the edge of saturation. Therefore, a means of measuring 
Qorr, TR; Ts, Tr directly becomes paramount. Several methods of measure- 
ment have been proposed, the details of which are covered in the refer- 
ences,*:1%4 However, the technique is based on the principle that the 
circuit-drive functions converge to a limiting value when Jp; is made at 
least five times greater than I¢/hrz. For example, if Ip, = 5Ic/hrr, 
the storage-time circuit-drive function becomes approximately In 2. 
By setting up such circuit conditions and measuring t,, we have 


ts 
it fee In2 a 6-88) 


Thus, by providing measured data as to how Qorr varies with V gzwrr and 
how rr, rs, and rr vary with current, the designer is equipped with a 
means for calculating the switching times for any set of circuit-drive 
conditions.'* It should be apparent that both rz and rp are also fune- 
tions of the collector supply voltage Vcc, since this determines the 


magnitude of R,C;r, at a fixed Ic. 
PROBLEMS 


16-1. Measurements of a 2N705 p-n-p germanium mesa transistor indicate that 
Cre = 3.5 puf at 2 volts, Cr, = 5 uf at 10 volts, fr = fa» = 250 megacycles and 


hrzr = 40 at Ver = —0.3 volt, Ic = —10 ma. The collector-region lifetime is 
determined to be 0.12 wsec. For this device, calculate ta, ty, ts, and ty in a switching 
circuit in which Ic = —10 ma, Ip: = —1 ma, Ig: = 0.25 ma, Vec = —3.5 volts, 


Verorr) = 1.25 volts, and Ry, = 300 ohms. 
16-2, Calculate the storage time ¢, for a 2N706 n-p-n silicon mesa transistor which 
has a 2-ohm-cm epitaxial collector region with a thickness of 10 wand a lifetime of 
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0.02 usec. The base time constant is such that the excess base charge is negligible. 
Use a circuit in which I¢ = Ig: = —Ig. = 10 ma. 

16-3. An n-p-n germanium-alloy switching transistor is designed with equal emitter 
and collector areas of 100 mil*. The base region is 1 ohm-cm p type and is 0.5 mil 
thick, resulting in a 50-ma beta of 100 near saturation. Calculate the rise and fall 
times in a circuit for which Jc = 50 ma, Je: = 5ma,Ig2 = —1ma,and Ry = 500 ohms. 

16-4. The charge-control parameters of a 2N501 p-n-p germanium MADT 
transistor are measured at Voc = —3.5 volts. They are: Qorr = 25 pucoulombs at 
Vazorr) = 1.25 volts, rz = rr = 3 musec at Ic = —10 ma, and zs = 55 mysec at 
Ipx =0.6ma. For this device, hrz = 25 at Ic = —10 ma. From this data, calcu- 
late ta, t,, ts, and ty in the switching circuit given in Prob. 16-1. 
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Transistor Design Principles 





17-1. Limitations of Manufacturing Processes on Transistor Design. 
The transistor theory presented in the preceding chapters has been 
sufficiently complete so that any device structure can be analyzed for its 
d-c and frequency characteristics as a function of current, voltage, and 
temperature. Implicit in this argument is the fact that regardless of 
what manufacturing process is employed to make the transistor, the 
analytical model reduces simply to a heavily doped emitter region, an 
emitter-base junction which may be a step or slightly graded junction, a 
base region of finite width which may be uniformly doped or graded, a 
collector-base junction which may be a step or graded junction, and a 
collector region which may be either high or low resistivity or some 
combination thereof. The definition of this model establishes the 
impurity profile of the transistor in conjunction with the fact that the 
device is either p-n-p or n-p-n and the material is either germanium or 
silicon. Further, the physical properties of the device such as the area 
and cross-sectional shape of the junctions are determined by the particular 
geometry of the emitter, the collector, and the base contact. Thus, the 
combination of the impurity profile and the geometry permits the deter- 
mination of such important transistor properties as current and power 
gain, breakdown voltages, leakage currents, junction capacitances, cutoff 
frequencies, saturation voltages, input and output impedances, and base 
resistance. 

The problem in transistor engineering is to design a transistor that will 
satisfy the requirements of the application. The applications are 
numerous, and include high-speed switching circuits, low-frequency and 
d-c amplifiers, very-high-frequency power amplifiers, and low-level tuned 
amplifiers, to mention but a few. In general, the specific circuit applica. 
tion dictates the required operating voltages, currents, frequency response, 
impedances, and gain for the transistor. Using the theory only, one can 
design an optimum device that would have ideal electrical parameters 
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suitable for most any application. However, it would be extremely 
difficult to fabricate such a theoretical transistor, owing to the practical 
limitations of the known process and current semiconductor technology. 
In other words, the theoretical design of a transistor in terms of the 
impurity profile and geometry must be modified to make the design 
compatible with the limitations of the particular manufacturing process 
selected to fabricate the transistor. 

As was pointed out in Chap. 1, transistor processes have made great 
strides since their inception years ago. The early point-contact devices 
immediately gave way to the grown- and alloy-junction techniques. 
Since then, extensive research and engineering made possible the advent 
of diffusion, mesas, oxide masking, photoresist methods, and epitaxial 
growth. Each of these important processes was developed with the 
primary purpose of enabling the transistor engineer to more readily 
achieve the ideal transistor design. 

In the sections to follow, each of the major processes will be discussed 
from the viewpoint of the limitations on design, leading up to the universal 
features of the epitaxial-planar process. For each process the design 
principles will be established, illustrating how an optimum design is 
attained. Wherever possible, appropriate procedures will be pointed out. 
In general, the basic design problem is a matter of determining whether 
a given gain-bandwidth frequency can be obtained within the objective 
voltage and current ratings or vice versa, subject to the limitations of 
geometry on capacitances, base resistance, and saturation voltage. 

17-2. Grown-junction Transistors. Transistors made by grown-junc- 
tion processes such as rate growing, meltback, diffused meltback, double 
doping, and grown diffusion all have in common the fact that the device 
is in the form of a rectangular bar of semiconductor having a thin base 
region located in a transverse plane in the center. Because of the bar 
geometry, the frequency response is limited in part by the minimum cross- 
sectional area that can be handled practically during manufacture. 
Typical bar dimensions may be in the order of 0.012 to 0.020 in. on one 
side, although some transistors have been made as small as 0.007 in. on 
one side. In addition to the effect of bar size on emitter and collector 
capacitances, one finds that the rate-grown, meltback, and double-doped 
types have relatively large base widths, on the order of 0.5 mil, due to 
the limitations of the respective processes. The grown-junction types 
having diffused bases, however, may have extremely thin base widths, 
on the order of 0.1 mil. 

In the rate-grown and meltback types, the design must be a com- 
promise between current gain and collector breakdown voltage. This is 
attributed to the fact that these junctions are formed by segregation, 
wherein the collector impurity level is some fraction of the emitter level. 
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Thus, as the emitter doping is increased to increase beta, the collector 
resistivity decreases, yielding a lower BVcgo. On the other hand, this is 
not a problem with double-doped and grown-diffused types, since these 
junctions are formed by adding impurities to form the emitter against a 
high-resistivity collector background. 

Of all the grown-junction types mentioned, it is apparent that the 
grown-diffused type offers the best electrical characteristics, owing to the 
thin, diffused base region and the fact that the emitter and collector 
regions are independently doped. Nevertheless, the designer, in his 
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Collector contact 
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Fig. 17-1. Typical n-p-n grown-junction transistor with bar geometry, showing over- 
lap of base-lead contact. 


choice of area and collector resistivity, must make a compromise among 
BV co, Cre, and collector series resistance rsc. In most designs, rse 
usually turns out to be quite high, amounting to as much as 75 to 100 
ohms in some types. If the application warrants power control at high 
currents or audio frequencies, then the bar may be cut quite large and 
rgc reduced considerably. ; 
Perhaps the most serious design limitation of grown-diffused transis- 
tors (and all other grown-junction types as well) is the ohmic connection 
to the base region of the bar. A sketch of a typical assembly is shown in 
Fig. 17-1, wherein a base lead is shown connected to the p region of an 
n-p-n bar. It is seen that the base contact overlaps on each side of the 
base into the adjacent emitter and collector regions. Such overlap is to 
be expected, since typical base regions vary from 0.1 to 0.5 mil, whereas 
practical wires are at least 1 or 2 mils in diameter. Consequently, to 
prevent shorting out the base region, the base wire material must be such 
that after bonding a p-n junction is made in the emitter and collector 
regions. For example, for an n-p-n device the contact overlap must be 
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p type. A cross-sectional view of such a contact is shown in Fig. 17-1. 
The p-type overlap layer is created in the alloying process and serves to 
establish the p-n junctions in the adjacent regions. Therefore it becomes 
evident that the base contact simply becomes an extension of the base 
region. When external biases are applied to the transistor, the overlap 
junctions become forward or reverse biased, as the case may be. 

The base-contact overlap has several deleterious effects on the transis- 
tor electrical parameters.''* Firstly, because the contact is a semipoint 
contact on one side of the bar, rf is relatively high. Secondly, because 
of the area of the overlap junction and the very low resistivity of the 
overlap regrowth region, there is a considerable increase in both the 
emitter and collector capacitances, since the overlap capacitance adds 
to the intrinsic bar capacitance. Thirdly, because of the overlap into 
the emitter region it is necessary to establish a minimum limit on emitter 
resistivity if one is to meet a minimum BV gz0 rating; this has the effect 
of lowering the emitter efficiency of the bar. Finally, the emitter 
efficiency is further reduced by carrier injection at the overlap junction. 
To demonstrate the latter point analytically, let us assume that we have 
an n-p-n transistor of area A and an overlap junction on the emitter side 
of area Ai and resistivity po. Further, we assume that the emitter for- 
ward-bias potential is uniformly applied across both the overlap and 
emitter-base junctions. Under these conditions, the emitter injects an 
electron current J,23 into the base and an electron current J,z0 into the 
overlap region. Similarly, the overlap and base regions inject hole 
currents Ipzo and Ipx,, respectively, into the emitter region. The total 
emitter current is the sum of all four components, but the only active 
term contributing to current gain is J,z;. Therefore, the emitter 
efficiency is given by 


Inne 
me 17- 
i Inge + Ipzp + Ipzo + Inzo Sy 





Rearranging terms, we have 
if 
~ 1+ Ipzp/Inza(1 + Ipzo/Tpus) + Inzo/Inzp 





7 (17-2) 

In Eq. (17-2), Ipzo/Ipxe is simply the ratio of injected hole currents 
into a common emitter region and is therefore equal to Ao/A. Evaluat- 
ing the other ratios in terms of sheet resistance for emitter efficiency, it is 
easily shown that for a grown-junction transistor 


L 
1s 1 + Ree/Rnv(l + Ao/A) + AoRoo/ARzz 


* References, indicated in the text by superseript figures, are listed at the end of the 
chapter, 





(17-3) 








354 TRANSISTOR ENGINEERING 


where Foo is the effective sheet resistance of the overlap region. If no 
overlap exists, i.e, Ao = 0, then Eq. (17-3) reduces to the familiar 
expression for y. The addition of new terms in the denominator, how- 
ever, decreases the magnitude of the emitter efficiency. In other words, 
a significant portion of the emitter current may be lost simply by injec- 
tion into the overlap region, thereby decreasing the current gain. Par- 
ticularly at high emitter currents, if a significant amount of base-region 
self-crowding occurs, then in Eq. (17-3) the value of A is decreased and 
y falls off accordingly. It is for this reason, coupled with the relatively 
high resistivity of the emitter, that the hrz of grown-junction transistors 
falls off quite rapidly with increasing collector current. 

17-3. Alloy Transistors. The vast majority of alloy transistors in use 
today are p-n-p germanium types, although there are n-p-n germanium 
and p-n-p silicon types available also. Alloy transistors, due to their 
relatively simple geometry and impurity profile, lend themselves to 
reasonably straightforward and accurate transistor design.2 The elec- 
trical characteristics resulting from the attributes of very-low-resistivity 
emitter and collector regions, planar-parallel junctions, the high-resis- 
tivity base region, and the circular base contact make these transistors 
very suitable for general-purpose low-frequency amplifier and switching 
applications and use as power transistors. The alloy process imposes a 
limitation on alpha-cutoff frequency because of the fact that the base 
width is controlled by the depth of alloying of each of two opposing 
junctions. The possibility of shorts occurring due to junction irregu- 
larities establishes a practical limit on the order of 0.3 mil. Con- 
sequently, the fa» for alloy power transistors is in the audio range, for 
amplifier types it is on the order of 2 megacycles, and for switching types 
fa ranges anywhere from 5 to 30 megacycles. 

The principal design problem in alloy transistors is one of compromising 
collector voltage rating with frequency response. Because of the high- 
resistivity base and the spreading of the collector depletion layer toward 
the emitter, Vpz decreases as fay increases. One can offset this by 
decreasing resistivity, but this increases C7, and lowers the emitter 
efficiency. On the other hand, the base width can be increased to the 
point where avalanche breakdown takes place before voltage punch- 
through occurs; this, of course, lowers fa» considerably. Again, the 
circuit application dictates the parameter requirements, but the general 
procedure is to calculate and prepare design curves where BV ¢po, V px, 
Cr., and fa», are plotted as a function of base resistivity and base width, 
With the required compromises displayed graphically, the necessary 
base-design decisions are made readily. The transistor current rating 
and any maximum requirements on Jepzo and/or Cr, are the boundary 
conditions for determining the junction areas, 
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Although base width and resistivity have a pronounced effect on the 
magnitude of the current gain beta, it is also controlled in alloy transistors 
by several other variables. The designer is able to control the emitter 
sheet resistance directly by the choice of emitter dopant. If high betas 
are required out to very large currents (such as in p-n-p germanium 
power transistors) one can use aluminum instead of indium as the primary 
acceptor in the emitter, since aluminum has a considerably higher 
segregation coefficient than indium. A second design variable is the 
base surface recombination velocity, which can be directly controlled in 
processing by the judicious choice of final etch and encapsulation pro- 
cedures. The third and final variable that affects the magnitude of the 
current gain is the ratio of the collector junction area to the emitter 
junction area. It was shown by Moore and Pankove? that a maximum is 
reached when the collector is approximately twice the area of the emitter. 
This is explained by the fact that if the emitter is larger than the collector, 
a considerable percentage of the injected carriers is lost at the surface 
around the collector. As the emitter is made smaller, the amount lost at 
the collector surface decreases and the gain increases toward a maximum 
value. This occurs until a point is reached when the emitter becomes so 
small that a greater percentage of the injected carriers is lost at the emitter 
surface, and the current gain begins to fall off. 

Because of the aforementioned design parameters, alloy transistors 
have excellent beta-versus-collector-current characteristics. This fea- 
ture, coupled with the extremely low Vez av afforded by the very-low- 
resistivity collector region, makes them excellent devices for slow-speed 
switching circuits. In alloy devices, Vcriar) is largely composed of the 
junction potentials whose difference is quite small due to the high inverse 
alpha. This can be minimized further simply by making a bilateral 
structure having equal emitter and collector areas. Finally, as ampli- 
fiers, alloy transistors are limited to some extent because the output 
impedance is affected considerably by the voltage sensitivity of the base 
width, namely, dW/dV¢. 

One significant process improvement that helped increase the frequency 
of alloy transistors was the MAT or microalloy transistor. Because of 
the electrochemical technique of forming the base region and junctions, 
extremely thin base widths became practical to manufacture. Of course, 
these devices are limited by lower punchthrough voltages. 

17-4, Diffused-base-alloy Transistors. The advent of the diffusion 
process and the theoretical understanding of the transit-time reduction 
afforded by the built-in electric field of graded base layers made it 
possible to fabricate transistors having a frequency response of 100 
megacycles and several times greater and still offering adequate voltage 
ratings, ‘These transistors are in the generic family of diffused-base-alloy 
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transistors and are specifically known as drift and MADT transistors. 
These have in common a structure which is basically the same as that of 
alloy transistors except that the base region consists of a graded impurity 
layer diffused from the emitter side into an almost intrinsic resistivity 
background. Although the physical width of the base region is com- 
parable to that of alloys, the base-cutoff frequency is increased con- 
siderably because the collector depletion layer readily fills up the intrinsic 
region such that the effective base width becomes equal to the depth of 
the diffused region only. 

If these transistors are used as high-frequency amplifiers, the primary 
problem is to design for maximum frequency of oscillation at a particular 
operating voltage and current. This requires low rz, low Cr, and 
high fr, wherein the latter is controlled mainly by the emitter time 
constant and the base-transit time. The resistivity of the base region is 
usually selected high enough to provide the required collector capacitance 
per unit area; the width of the high-resistivity region must be adjusted so 
that it fills up at the lowest possible voltage below the required operating 
voltage. Once the resistivity and width are determined, the area of the 
collector junction is adjusted to obtain the required C7-. 

The design of the diffused region of the base involves the choice of the 
values of N, and 2; for an exponential impurity function as a compromise 
between emitter efficiency and frequency response. For high low- 
frequency beta, it is necessary to maintain both W and N’%, low for high 
sheet resistance, R},,. Keeping N’, low is advantageous to fa». since the 
emitter capacitance Cr, is smaller at low impurity concentrations. On the 
other hand, a smaller ratio of N%,/Nec will yield higher 7‘, and less of a 
base-transit-time reduction due to the lower drift-field intensity. One 
additional consideration is the fact that a high N will lower the BV zz0 
rating. Thus, the problem has several complex interactions of variables, 
and the use of design curves is necessary to obtain optimum results. 
One design factor that may be disregarded in dealing with diffused-base- 
alloy transistors is the transit time through the collector depletion layer; 
in most designs, the electric field is such that the limiting velocity is 
reached and the transit time is small compared to the emitter and base 
delay. 

In switching applications, the higher fr and low Vexr@ar of diffused- 
base-alloy transistors give a favorable advantage over alloy types in 
attaining higher speeds. The rise and fall times, however, are far from 
optimum because of the severe falloff of fr as the collector voltage drops 
toward the saturation value. This is particularly acute in drift transis- 
tors that have relatively wide intrinsic regions. In MADT types 
designed for optimum switching, the rise and fall times are greatly 
improved by virtually eliminating the high-resistivity region, such that 
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the tail of the diffused region is just at the collector junction.’ This is 
done by electrochemically etching the base membrane thinner and 
adjusting the diffusions accordingly. Although the switching speed is 
greatly improved, the voltage rating is reduced by punchthrough. 
Finally, storage times are quite low in MADT transistors because there is 
essentially no charge storage in the low-resistivity collector region. 

Probably the most serious limitation of the diffused-base-alloy tran- 
sistor process in achieving very high gain bandwidths is the practical 
lower limit on the size of the emitter junction that is formed. 

17-5. Mesa and Planar Transistors. The introduction of the mesa 
process made it possible to fabricate transistors in which the design could 
offer both extremely high frequency response and high voltage ratings. 
These transistors have been largely p-n-p germanium mesas with alloyed 
emitters and n-p-n silicon mesas with diffused emitters, although n-p-n 
germanium and p-n-p silicon have also been manufactured. The ease of 
design afforded by the mesa technique is attributed to the fact that the 
collector is of high resistivity, permitting the collector depletion layer to 
spread almost completely into the collector rather than into the base. 
Consequently, the base regions can be diffused to very shallow depths, 
resulting in widths varying from 0.5 to 2 u, as desired. Additionally, 
the photoresist masking technique employed in the mesa process allows 
the formation of extremely small emitter and collector junction areas 
with photographic precision and reproducibility. The small areas 
coupled with the thin base widths have extended the frequency response 
of transistors from 300 megacycles to 3 kilomegacycles. Furthermore, 
the higher output impedance afforded by the relative insensitivity of base 
width with collector voltage (low dW/dVc) makes mesa transistors excel- 
lent high-frequency amplifiers. 

The basic principles involved in the design of the impurity profile for 
mesa devices are not significantly different from those discussed in 
previous sections. The design of the diffused base region still requires a 
compromise among emitter efficiency C7., base-cutoff frequency, ry, 
BVerpzo, and possibly Vpr if very thin base widths are required. This 
calls for a graphical procedure similar to that indicated for diffused-base- 
alloy transistors. One technique which offers a design advantage for 
increasing base sheet resistance for higher beta and BV z 20 is the use of 
out-diffusion, which is a method of reducing the impurity concentration 
just within the surface of the semiconductor. 

The collector region, however, does require some design modifications, 
especially for switching transistors. Although high resistivity is advan- 
tageous for high BVeno and low Cy, the series resistance rsc becomes 
larger than desired, If Vermay is to be comparable to that of alloyed 
junctions, the collector resistivity must be maintained as low as possible 
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and the junction area as large as possible. Furthermore, the high 
minority-carrier lifetime associated with high resistivity establishes a 
significant amount of stored charge in the collector, resulting in high ¢, in 
switching circuits. Storage time is lowered by keeping the collector 
resistivity small. Thus, the collector-region design involves a balancing 
of BVero and Cr. with Vergar and ¢,, wherein resistivity and area are 
the variables. This is noticeably so in germanium mesa devices; in 
silicon, collector lifetime is readily “killed” with such techniques as gold 
diffusion and therefore very low values of ¢, are obtained without any 
major degradation of the other three parameters. * 

In addition to the aforementioned impurity-profile advantages over 
other process types, mesa transistors offer considerable freedom of 
geometry design. As a result of the development of evaporation masks, 
photoresist. methods, and oxide masking of diffusants, almost any geo- 
metrical configuration or pattern can be achieved for the emitter and the 
base contact. In germanium mesas, most designs consist of rectangular 
emitter stripes, with a similarly shaped base contact either on one side 
only or on both sides of the emitter stripe. In silicon mesas, most designs 
utilize rectangular or circular emitter with corresponding base contacts 
that go either partially or completely about the emitter. In either case, 
the designer has the opportunity to minimize r, through his choice of the 
base-contact geometry. Most important of all, the linear stripe geometry 
can be scaled up to establish a larger emitter perimeter if higher operating 
currents are required. Thus, the advent of the mesa process made 
possible the design of high-frequency high-power transistors, particularly 
in silicon. In the case of the latter, the junction areas increase pro- 
portionately and, because of the existence of certain imperfections in the 
semiconductor material, the base must be widened slightly if high collec- 
tor voltages are required. 

Subsequent to the mesa, the planar process was introduced as a sub- 
stitute technique for fabricating silicon mesas. The design and electrical 
advantages of silicon planar transistors are identical to those of silicon 
mesas as far as impurity profile and geometry are concerned. As was 
discussed in Chap. 1, instead of forming the area of the collector-base 
junction by etching the mesa, the planar process accomplishes the same 
objective by using the silicon oxide as a mask to confine the base diffusion 
to the desired area. Nevertheless, the surface recombination velocity of 
a silicon planar transistor is considerably lower than that of a silicon mesa 
because the edges of the collector-base and emitter-base junctions are in 
the same surface plane, which is completely protected by passive silicon 


* Actually, a severe reduction of collector lifetime will increase Vew@ar) slightly 
because of the decrease in the inverse alpha of the transistor; that is, the effective 
sheet resistance of the collector is increased, 
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oxide. This results in extremely low Iczo approaching the charge- 
generation level and more stable hrz. The growth of the silicon oxide 
during manufacture also serves to getter recombination centers from the 
emitter-base junction, which improves the emitter efficiency at very low 
currents through the reduction of Zz. Silicon planar transistors have 
excellent hrz versus I¢ characteristics, extending from 1 4 to 1 amp. 

17-6. Epitaxial Transistors. The recent development and introduc- 
tion of the epitaxial process to the mesa and planar technologies represent 
the first opportunity since the transistor was invented to achieve the 
ultimate in design. The epitaxial process is a means of growing a 
microthin high-resistivity region on a very-low-resistivity semiconductor 
substrate of the same type. The pure semiconductor atoms are deposited 
on the semiconductor wafer with the same crystal orientation and perfec- 
tion. This is done by the vapor decomposition of either GeCl, or SiCl, 
with hydrogen at high temperatures. By controlling such process 
variables as time, temperature, flow rate, and doping, one can grow 
uniform epitaxial layers having any desired thickness or resistivity on 
many substrate wafers at a time. 

The significant advantages of the epitaxial semiconductor wafer as 
compared to the conventional uniform-resistivity wafer became apparent 
in its use as the collector region in mesa or planar transistors. With a 
thin high-resistivity epitaxial region in the collector, one does not have to 
compromise the design of BV ezo and Cz. with Vergar and t, as indicated 
in the previous section. By selecting a high epitaxial resistivity for the 
collector, one immediately obtains a higher inherent collector breakdown 
voltage and very low capacitance per unit area. Then the epitaxial 
thickness is designed to be small enough to sustain the desired breakdown 
voltage. Because this is usually quite thin (on the order of microns), the 
total series resistance affecting Vox,» is extremely small, since the 
resistance of the heavily doped substrate is negligible. Also, the collector 
stored charge is reduced considerably because the effective minority- 
carrier diffusion length is equal to the thickness of the epitaxial region, 
which is many times less than the diffusion length corresponding to the 
actual lifetime in the epitaxial region. This occurs because the recom- 
bination rate at the substrate is very high due to the heavy doping. 
Consequently, the transistor storage time t, becomes very small; this can 
be reduced even further by degrading the lifetime of the epitaxial region. 
All of these collector parameter advantages, along with the gain-band- 
width advantages of diffused bases, are realized in epitaxial-mesa or 


epitaxial-planar transistors, Whether in germanium or silicon, epitaxial 
transistors have high voltage and current ratings, very high frequency 
response, and excellent dec characteristics, making them equally appli- 


cable to amplifier and awitching applications at all power levels, 
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Perhaps one of the most universal transistor designs that evolved 
from the epitaxial process is the n-p-n silicon epitaxial-planar transistor 
employing the star geometry. In Fig. 17-2 are a photomicrograph of the 
geometry and a cross-sectional sketch illustrating the various regions 
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Fig 17-2. The n-p-n silicon epitaxial star planar transistor. The sequence of manu- 
facturing processes is similar to that shown in Fig. 1-17. (Courtesy of Motorola, Inc.) 


that make up the impurity profile. This transistor combines all the 
advantages of the epitaxial process with the frequency and gain charac- 
teristics of diffused structures, the temperature and power capabilities of 
silicon, and the surface passivation of the planar process, Furthermore, 
it utilizes the star geometry, which is an optimum design making use of 
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the principle of the long thin stripe to obtain maximum perimeter-to-area 
ratio. The latter is essential for obtaining maximum current rating with 
minimum emitter capacitance area. As a result of this ideal design, an 
epitaxial-star-planar transistor might have the following typical charac- 
teristics: BVeso = 120 volts, BVczx = 80 volts, BVzs0o = 7 volts, 
Tcepno = 0.001 pa, hre = 80 with useful current gain from 10 ya to | amp, 
Verear = 0.2 volt at 150 ma, Cr, = 4 put, fr = 400 megacycles, and a 
power-dissipation capability of 3 watts. 

17-7. Introduction to Integrated Semiconductor Circuits. The same 
semiconductor technologies of diffusion, oxide passivation and masking, 
photoresist, and epitaxial growth that made the silicon epitaxial-planar 
transistor possible are now being utilized to introduce a new concept in 
solid-state engineering—the integrated semiconductor circuit. This is a 
“device”? which will perform a complete circuit function by integrating all 
the active and passive elements of an electronic circuit into a single 
semiconductor substrate. Thus a solid wafer of semiconductor material, 
e.g., silicon, can be processed and packaged to perform virtually any 
amplifying or switching circuit function, thereby eliminating the need 
for individual cireuit components such as transistors, diodes, resistors, 
capacitors, and inductors. Integrated circuits, which are also referred 
to as microcircuits, have many potential advantages for the electronics 
system in terms of circuit miniaturization, uniformity, reliability, and 
cost and have therefore established the next threshold of revolution for 
the electronics industry. 

Integrated semiconductor circuits are made possible through the com- 
bination of many known techniques. As already indicated, all types of 
planar transistors may be diffused into either epitaxial or nonepitaxial 
silicon substrates. Likewise, all types of diodes such as high-speed 
switching diodes or zener diodes, can be fabricated using similar tech- 
niques. Because of the photographic nature of these processes, any 
multiple number of transistors and/or diodes can be formed simul- 
taneously within a common semiconductor substrate. Further, all kinds 
of resistors can be fabricated within the same substrate by either diffusing 
régions to within a given geometry and sheet resistance, evaporating 
thin films of material of known resistivity, or depending directly on the 
distributed resistance of the substrate. Capacitors may be formed within 
the common material by several methods such as using the junction 
capacitance of a p-n junction, using silicon oxide as a dielectric between 
two metallic layers, or using the thin-film technology of sputtering 
tantalytic capacitors. Vinally, inductors can be formed by utilizing 
spiral or other special patterns of evaporated materials to yield relatively 
small values of inductance or possibly by using deposited ferromagnetic 
materials to obtain higher values; this is the most dificult component to 
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integrate at the time. In summary, the design of an integrated circuit 
involves a complex interaction of processes, photographic sequences, 
geometric patterns, and distributed and parasitic values, all super- 
imposed on and contained within a single semiconductor wafer. 
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Fra. 17-3. Design layout and circuit of an integrated semiconductor video amplifier, 
(Courtesy of Motorola, Inc.) 


Some typical circuit examples are shown in Figs. 17-3 and 17-4. The 
design layout and circuit of a three-stage video amplifier using a silicon 
epitaxial substrate is shown in Fig. 17-3. This integrated circuit employs 
three diffused n-p-n transistors of the high-frequency planar type; the 
stages are coupled by diffused p-n diodes which have characteristics 
equivalent to a parallel R-C network. The resistances are determined by 
the separation of the transistor and diode geometries, the terminal locie 
tions, and the resistivity of the epitaxial layer, Another example of an 
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integrated circuit is the micrologic flip-flop shown in Fig. 17-4. The 
structure consists wholly of transistors and resistors that are diffused 
into a single monolithic chip of silicon. This particular switching circuit 
has a 50-nsec stage delay and will operate at a clock rate of 1 megacycle. 
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Output, Output 
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Fig. 17-4, Structure and circuit of the micrologic flip-flop, an integrated semicon- 
ductor multivibrator. (Courtesy of Fairchild Semiconductor.) 


These two relatively simple examples are but a few of the infinite number 
of integrated circuit configurations that may be incorporated into solid- 
state systems in the years to come, 

It is most appropriate that this seetion be used to end this textbook on 
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transistor engineering. It should be apparent to the reader that all the 
theory and design principles presented herein are applicable to the 
engineering of integrated circuits as far as diffused transistors, diodes, 
resistors, oxide capacitors, and p-n junctions in silicon are concerned. 
These transistor engineering principles are basic to solid-state engineering 
and it may very well come to pass that the electronic circuit engineering 
function as we know it today will dissolve away between the forces of the 
system engineering function and the new solid-state engineering function, 
which will be elevated to the position of supplying the integrated semi- 
conductor circuit as the component rather than the transistor alone. 
The transistor engineer and the electronic circuit engineer of today will 
inevitably be the solid-state engineers of tomorrow. 
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APPENDIX: 


Analysis of the Equilibrium Lifetime 


for Single-level Recombination Centers 


According to the Shockley-Read-Hall theory, it is assumed that the 
density Nr of the recombination centers is small compared to the equi- 
librium concentration of carriers,nand p. Further, the centers all lie at a 
single energy value Hr in the band gap. To determine the net recombina- 
tion rate R, we must consider that it is equal to the capture rate of the 
centers less the emission rate of same. We shall treat the case of the 
electron first. 

It was shown in Chap. 3 that if the Fermi-Dirac function f(£) repre- 
sents the probability that a state at energy EH is occupied, then [1 — f(£)] 
represents the probability that the state is empty. If C, is the capture 
probability of the centers for electrons, the capture rate for electrons 
is proportional to the electron concentration n and the number of 
centers that are empty or NVp[l — f(He)|. The capture rate is there- 
fore nC, Nel — f(Er)|. The emission rate, however, is proportional 
to the number of occupied centers Nef(Hr) and the thermal emission 
rate e, for electrons. Therefore, the net electron-recombination rate is 
simply 

R, = nC,Nell — f(Er)) — enNrf(Er) 


Similar reasoning may be applied to the case of the hole, with the 
exception that the capture rate is proportional to the number of filled 
centers. Likewise, the emission rate for holes is proportional to the 
number of empty centers. Thus, 


Ry = pCypNerf(Er) — epNall — f(ER)) 


where C, and e, have definitions corresponding to those of C,, and e,. 
For nonequilibrium conditions, the net recombination rates R, and R, 
must be equal to each other, or 


R= nCwNall — f(La)| — eoNnf(Pn) @ pCyNaf(ln) — eyNall — (Er) 
406 





366 TRANSISTOR ENGINEERING 
Therefore, the probability factor for filled centers is 


1 
T+ (PCy + €n)/(nCn + ep) 


The emission-rate parameters e, and e, may be eliminated by considering 

equilibrium conditions. At equilibrium, the net recombination rates 

must be zero. Therefore, if the Fermi level is adjusted such that Hy = Ep, 

the emission rates for electrons must equal the free-electron concentration INDEX 
n, times their capture probability C,. In other words, 





f(Er) = 








en = 1:C'n 
Also, for holes, 
ep = PCy 
Recall that n, and p, would be the carrier concentrations if the Fermi : shee ; 
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into the f(Z») expression, and inserting the result into either side of the 281 for mesa and planar transistors, 357 
equation for R, we get Alloy transistors, design principles, 354 step junction factor, 246 
N rCnCol et ) emitter doping, 355 Base resistance, 167 
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ery voltage dependence, 161 
Band gap, 38 Base voltage feedback, 251 
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oS Z 7 ae impurity, 54 transistor, 155, 186 
librium values. Performing the differentiation, we get, finally, in insulators, 42 alloy, 354 
in metals, 43 diffused-base-alloy, 356 
= Tpr(n + Mr) + tarp + Dr) in semiconductors, 43 grown-junction, 352 
n+p temperature dependence, 44 mesa, 357 
Bardeen, J., 4 Beaufoy, R., 332 
which is given in Chap. 4 as Eq. (4-41). Base, 5, 155 Beta (see Current gain, beta) 
Base current, elements of, 201 Beta-cutoff frequency, 167, 303 
Base-cutoff frequency, 186-196 Bohr atomic theory, 30-32 
as function of impurity concentration, Brattain, W. H., 4 
188 Breakdown voltage, avalanche, 133-139 
for graded base, 195 in graded junctions, 139 
at high currents, 243 in step junctions, 136 
at high injection levels, 195 transistors, 162 
for uniform base, 187 collector-to-base, 162, 206-209 
Base-region self-crowding, 211, 241-243 for epitaxial collectors, 209 
Base-region widening, 245-247 punchthrough limited, 207 
for alloy transiatora, 355 collector-tovemitter, 165 
graded junction factors, 247 with open bane, 210 
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Breakdown voltage, transistors, collector- 
to-emitter, with shorted base, 209 
emitter-to-base, 165, 210 


Capacitance, diffusion, 252 
collector, 253, 291 
emitter, 289 
transition, 108-124 
collector, 166, 196 
emitter, 166, 196, 297 
at equilibrium, 112 
graded junctions, 115-124 
dependence on voltage and 
impurities, 116-123 
linear-grade junction, 115 
step junctions, 111 
dependence on voltage and 
impurity concentration, 112 
switching variations, 331 
Capture probability, 83 
Carriers, concentration of, 47-50 
effective mass of, 46, 49 
electron-hole product, 49 
in impurity semiconductors, 57-61 
in intrinsic semiconductors, 51, 92 
majority, 56 
in n type semiconductors, 57, 92 
in p type semiconductors, 57, 92 
in p-n junctions at high levels, 142 
minority, 56 
injected in p-n junctions, 101 
in n type semiconductors, 61 
in p type semiconductors, 61 
(See also Minority carriers) 
in potential form, 93 
temperature variations, 51 
Channels, 128 
Charge analysis theory, 332-336 
Charge continuity, equation of, 334 
Charge distributions, base, 335 
in active region, 336 
in saturation, 341 
Charge generation current, 132, 204 
Charge neutrality, 54 
at high-level injection, 142, 227 
at low-level injection, 98 
in semiconductors, 54 
Collector, 5, 155 
Collector conductance, 249 
Collector current density, 181 
Collector multiplication ratio, 157, 185 
Collector resistance, 168 
(See also Collector conductance; 
Series resistance) 
Conduction band, 41 
density of states in, 48 


Conduction band, occupancy probability 
of, 47 
Conductivity, 73 
Conductivity modulation, 240, 242 
Continuity equation, 102 
Conwell, E. M., 82 
Crystal, compensated, 55, 75 
Crystal growing, 7-9 
Crystal imperfections, 50 
Current density equations, 103 
Current gain, alpha, 157 
cutoff frequency for, 288 
for graded bases, 188-193 
at high currents, 161 
high-frequency variation of, 285-288 
inverse, 221 
at low currents, 161 
qualitative discussion of, 157-159 
for uniform bases, 182, 185 
beta, 163, 199-203 
in alloy transistors, 355 
complete expression for, 202, 226 
dependence on voltage, 164 
effect of base-lead overlap, 354 
effect of emitter resistivity, 240 
effect of surfaces, 200-202 
frequency variation of, 302, 317 
as function of alpha, 200 
phase shift of, 167 
variation with current, 226-240 
design criterion for, 239 
in terms of Z factor, 237 


Delay time, 330, 336 
charge-control parameter for, 348 
Delay-time constant, 296 
collector, 166, 300 
emitter, 166, 288, 297 
Depletion layers, 95, 109 
charge generation in, 131-133 
collector, 161, 164 
in epitaxial collectors, 208 
graded junctions, 115 
dependence on voltage and 
impurities, 116-123 
linear-grade junction, 115 
in saturation, 345 
step junction, 111 
dependence on voltage and impurity 
concentration, 112 
Diffused-base-alloy transistors, design 
principles, 855-357 
base-region design, 356 
process description, 18 
switching, 356 








Diffusion, 10 

coefficients of, 11 

oxide masking of, 20, 24 
Diffusion constant, 79 
Diffusion equations, 103 
Diffusion length, 80 
Diode recovery time, 148, 345 
Diodes (see p-n junctions) 
Donors, 9, 52 
Doping, 9 

for lifetime reduction, 148, 345 
Drift velocity, 64 

electric field dependence, 66, 299 
Dunlap, W. C., 5, 17 


Early, J., 215, 247, 270, 325 
Ebers, J. J., 222, 343 
Electric field, 63-65 
at avalanche breakdown, 135 
“built-in,”’ 190 
retarding, 196 
drift velocity dependence on, 66 
effect on ionization rates, 135 
in graded-base transistors, 190 
in linear-graded junctions, 114 
in p-n junctions, 95 
at high injection levels, 142-144 
Electrons, 28 
ionization energy, 31 
radius of orbit, 31 
spin, 34 
valence, 39 
wave functions, 33 
Electrostatic potential, 93 
Elements, periodic table of, 36 
Emitter, 5, 155 
Emitter current, for beginning of high- 
level injection, 230 
high-level injection ratio for, 229 
Z factor for, 229 
Emitter current density, 181 
Emitter efficiency, 157 
with base overlap, 353 
frequency variation of, 287 
for graded bases, 192 
high-frequency, 281 
for uniform bases, 183 
variation with current, 235 
at very low currents, 236 
Emitter resistance, 168, 249 
Emitter voltage feedback, 250 
Energy, quantum of, 28 
Energy-band diagram, 41 
for graded-base transistor, 189 
for pen junction, 04 
for penep transistor, 175 
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Energy bands, carrier conduction, 41-45 
conduction, 41 
quantum states, 36-39 
theory, 36-39 
valence, 39 
Energy levels, 34-39 
for crystalline solid, 38 
for impurities, 54 
for isolated atoms, 36 
for linear array of atoms, 37 
for many-electron atoms, 35 
of recombination centers, 82 
Epitaxial collectors, 22 
avalanche breakdown, 207-209 
capacitance variation, 208 
electric fields, 208 
storage time, 345 
Epitaxial-planar transistors, 359-361 
characteristics, 361 
flow diagram, 24 
process description, 23 
Epitaxial process, 22, 359 
Epitaxial transistors, advantages of, 
359 
design principles, 359-361 
Equivalent circuit, transistor, 168 
for high frequencies, 294 
for low frequencies, 253 
Excess phase shift, 298 
factors for various transistors, 299 


Fall time, 332, 346 
charge-control parameter for, 348 
circuit-drive function, 346 
Fermi- Dirac distribution function, 46 
Fermi level, 46 
in impurity semiconductors, 56, 60 
in intrinsic semiconductors, 50 
in p-n junctions, 94 
in p-n-p transistors, 175 
potential representation of, 93 
quasi-, 99 
temperature dependence of, 58 
Floating potential, emitter, 205 
Forward current, p-n junction, 97, 99. 
107 
high-level equation for, 145 
high-level injection effects on, 
141-145 
temperature dependence of, 141 
Forward voltage, p-n junctions, 107 
band-gap dependence of, 140 
exponent values of, 140 
transistors, 165 
haneetovomitter, 220-228 
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Gain-bandwidth frequency, current, 167, 
303 
design criterion for optimum, 305 
effect on switching speed, 340 
variations with current, 305 
variations with voltage, 304 
power, 167, 320 
(See also Oscillation frequency, 
maximum) 
Geometries, transistor, circular, 215, 217 
current scaling of, 324 
ideal stripe, 324 
interdigital ‘comb,’ 325 
linear, 21, 217 
mesa and planar, 358 
perimeter-to-area ratio of, 324 
planar, 23 
star, 360 
Germanium, properties of, 44 
drift, mobilities, 68 
drift velocities, 66 
impurity energy levels, 82 
minority carrier concentration, 77 
resistivity, 76 
Grade constant, 138 
Graded emitter junction, 196 
Grounded-base characteristics, 160-162 
crowding of, 161 
Grounded-emitter characteristics, 
162-165 
crowding of, 164 
Grown-junction transistors, design 
principles, 351-354 
bar dimensions, 351 
base-lead overlap, 352 
process description, 13-17 


h parameters, high-frequency, 281-294 
general form of, 284 
grounded-base, 284 

output admittance, 291-293 
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